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Abstract
Objectives—Antibacterial bonding agents are promising to combat bacteria and caries at tooth-
restoration margins. The objectives of this study were to incorporate new quaternary ammonium
methacrylates (QAMs) to bonding agent and determine the effects of alkyl chain length (CL) and
quaternary amine charge density on dental plaque microcosm bacteria response for the first time.

Methods—Six QAMs were synthesized with CL = 3, 6, 9, 12, 16, 18. Each QAM was
incorporated into Scotchbond Multi-purpose (SBMP). To determine the charge density effect,
dimethylaminododecyl methacrylate (DMAHDM, CL = 16) was mixed into SBMP at mass
fraction = 0%, 2.5%, 5%, 7.5%, 10%. Charge density was measured using a fluorescein dye
method. Dental plaque microcosm using saliva from ten donors was tested. Bacteria were
inoculated on resins. Early-attachment was tested at 4 hours. Biofilm colony-forming units (CFU)
were measured at 2 days.

Results—Incorporating QAMs into SBMP reduced bacteria early-attachment. Microcosm
biofilm CFU for CL = 16 was 4 log lower than SBMP control. Charge density of bonding agent
increased with DMAHDM content. Bacteria early-attachment decreased with increasing charge
density. Biofilm CFU at 10% DMAHDM was reduced by 4 log. The killing effect was similarly-
strong against total microorganisms, total streptococci, and mutans streptococci.

Conclusions—Increasing alkyl chain length and charge density of bonding agent was shown for
the first time to decrease microcosm bacteria attachment and reduce biofilm CFU by 4 orders of
magnitude. Novel antibacterial resins with tailored chain length and charge density are promising
for wide applications in bonding, cements, sealants and composites to inhibit biofilms and caries.
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1. Introduction
Approximately 200 million dental restorations are performed in the United States each
year.1 Composites are increasingly popular due to their excellent esthetics and direct-filling
ability.2–6 Extensive studies have resulted in substantial improvements in composite fillers,
polymer compositions, and handling and polymerization properties.2–6 Dental caries is a
dietary carbohydrate-modified bacterial infectious disease, which is one of the most
common bacterial infections in humans.7 Tooth demineralization is caused by acid
generated by bacterial biofilms (dental plaque) in the presence of fermentable
carbohydrates.8 Previous studies showed that composites in vivo had more biofilms and
plaques than other restorative materials.9,10 These plaques could lead to secondary caries at
the tooth-restoration margins, which has been suggested as a primary reason for restoration
failure.6,11 The replacement of failed restorations accounts for more than half of all the
restorations performed.12

Efforts were made to synthesize quaternary ammonium methacrylates (QAMs) for use in
antibacterial dental resins.13–17 Through co-polymerization, 12-methacryloyloxydodecyl-
pyridinium bromide (MDPB) was covalently bonded in the resin matrix, thus becoming
immobilized, achieving durable contact-killing capability against oral bacteria.18,19 Other
antibacterial formulations were also prepared, including a methacryloxylethyl cetyl dimethyl
ammonium chloride (DMAE-CB)-containing adhesive,20 antibacterial glass ionomer
cements,21 and antibacterial nanocomposites and bonding agents using a quaternary
ammonium dimethacrylate (QADM).22–24 Bonding agents are important in adhering the
restorations to tooth structures.25,26 Bonding methods and procedures have been improved
and the tooth-restoration bond strength has been enhanced.27–31 Antibacterial bonding
agents are considered to be beneficial to reduce caries at the tooth-restoration margins.18–20

They can kill the residual bacteria in the prepared tooth cavity, and inhibit new bacteria at
the tooth-restoration interface due to marginal leakage.13,18,19 For these reasons, efforts
have been devoted to developing antibacterial primers and adhesive containing
QAMs.13,18–20,23,24,32,33

Quaternary ammonium salts (QAS) can cause bacteria lysis by binding to cell membrane to
cause cytoplasmic leakage.34,35 When the negatively charged bacteria contact the positive
quaternary amine charge (N+), the electric balance is disturbed and the bacterium could
explode under its own osmotic pressure.34,35 Long cationic polymers can penetrate bacterial
cells to disrupt membranes, like a needle bursting a balloon.36,37 Indeed, previous studies
revealed that the antibacterial potency of quaternary ammonium compounds increased with
an increase in the alkyl chain length (CL) for the ammonium groups.21,38–40 One study
showed that the antibacterial activity of quaternary ammonium monomers which were
synthesized from dimethylaminoethyl methacrylate (DMAEMA) against Escherichia coli
and Staphylococcus aureus increased with the number of carbon atoms in the alkyl chain.38

Another study reported that increasing the CL increased the biocidal activity of
poly(quaternary ammonium salt) (PQAS)-containing glass-ionomer cement against
Streptococcus mutans.21 Another investigation found that the antibacterial potency of
quaternary ammonium thiol derivatives increased with CL, reach a maximal efficacy and
then decreased with further increasing the CL.39 This is consistent with a separate study
showing that the antibacterial activity of methacrylate monomers containing quaternary
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ammonium salt increased when CL was increased from 5 to 16, and then decreased when
CL was further increased to 18.40 Therefore, CL and quaternary amine charge density of
QAMs are two important factors. However, to date, there has been no report on the effects
of CL and charge density of bonding agents on dental plaque microcosm bacterial behavior.

In the present study, a series of new QAMs with CL varying from 3 to 18 were synthesized
and incorporated into bonding agent, and the antibacterial properties were measured using a
dental plaque microcosm model with human saliva as inoculum. The objectives of this study
were to investigate for the first time: (1) the CL effect on microcosm early-attachment to
bonding agent resin as well as biofilm colony-forming units (CFU); (2) the charge density
effect on microcosm early-attachment and biofilm CFU, by varying QAM mass fraction in
the bonding agent. It was hypothesized that: (1) Microcosm attachment and biofilm CFU
will be inversely proportional to the CL of QAM in bonding agent; (2) bacteria attachment
and biofilm CFU will be inversely proportional to bonding agent charge density; (3) dental
plaque microcosm biofilm CFU can be reduced by several orders of magnitude via the new
antibacterial bonding agent.

2. Materials and methods
2.1. Antibacterial bonding agents with QAMs of different CL

The synthesis of QAMs was recently described, which employed a Menschutkin reaction via
the addition reaction of tertiary amines with organo-halides.15,22 The 2-(dimethy-lamino)
ethyl methacrylate (DMAEMA, Sigma-Aldrich, St. Louis MO) was the methacrylate-
containing tertiary amine. The following is an example to make dimethylaminododecyl
methacrylate (DMADDM) with CL of 12. Ten mmol of DMAEMA, 10 mmol of 1-
bromododecane (BDD) (TCI America, Portland, OR), and 3 g of ethanol as solvent were
added to a vial. The vial was capped and stirred at 70 °C for 24 h for the reaction to
proceed.41 After the reaction was completed, the ethanol solvent was removed via
evaporation. This process yielded DMADDM as a clear viscous liquid, and the reaction
product was verified in a pilot study via Fourier transform infrared spectroscopy.41 The
same method was used to synthesize six QAMs with a series of CL. Namely, DMAEMA
was reacted with 1-bromopropane (BP) to form dimethylami-nopropyl methacrylate
(DMAPM, CL = 3). DMAEMA was reacted with 1-bromohexane (BH) to form
dimethylamino-hexyl methacrylate (DMAHM, CL = 6). DMAEMA was reacted with 1-
bromononane (BN) to form dimethylaminononyl methacrylate (DMANM, CL = 9).
DMAEMA was reacted with 1-bromododecane (BDD) to form dimethylaminododecyl
methacrylate (DMADDM, CL = 12). DMAEMA was reacted with 1-bromohexadecane
(BHD) to form dimethylaminohexadecyl methacrylate (DMAHDM, CL = 16). DMAEMA
was reacted with 1-bromooctadecane (BOD) to form dimethylaminooctadecyl methacrylate
(DMAODM, CL = 18). These six QAMs are listed in Table 1.

To formulate antibacterial bonding agents, Scotchbond Multi-Purpose (SBMP, 3M, St. Paul,
MN) was used as the parent system. According to the manufacturer, SBMP adhesive
contained 60–70% of bisphenol A diglycidyl methacrylate (BisGMA) and 30–40% of 2-
hydroxyethyl methacrylate (HEMA), tertiary amines and photo-initiator. SBMP primer
contained 35–45% of HEMA, 10–20% of a copolymer of acrylic and itaconic acids, and 40–
50% water. Each QAM from Table 1 was mixed at a QAM/(SBMP primer + QAM) mass
fraction of 10%, following previous studies.23,24 The SBMP adhesive was also incorporated
with 10% QAM.24 This yielded six antibacterial bonding agents, corresponding to the six
QAMs in Table 1. The unmodified SBMP served as control.
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2.2. Antibacterial bonding agents with different QAM mass fractions and charge densities
Because the CL results showed that DMAHDM (CL = 16) had the strongest antibacterial
activity, it was selected for testing the effect of charge density. Charge density was varied by
varying DMAHDM/(SBMP primer + DMAHDM) mass fraction of 0%, 2.5%, 5%, 7.5%,
and 10%. Similarly, DMAHDM was mixed with SBMP adhesive at the same mass fractions.
To make resin disks, the cover of a 96-well plate was used as molds following a previous
study.20 Ten μL of a primer was placed in the bottom of each dent. After drying with a
stream of air, 20 μL of adhesive was applied to the dent and photo-polymerized for 10 s
(Optilux VCL 401, Demetron Kerr, Danbury, CT) using a Mylar strip covering to obtain a
disk of approximately 8 mm in diameter and 0.5 mm in thickness. The cured disks were
immersed in 200 mL of distilled water and magnetically-stirred with a bar at a speed of 100
rpm (Bellco Glass, Vineland, NJ) for 1 h to remove any uncured monomers, following a
previous study.13

The density of quaternary ammonium groups present on the polymer disk surfaces was
quantified using a fluorescein dye method as described previously.15,36 Resin disks were
placed in a 48-well plate. Fluorescein sodium salt (200 μL of 10 mg/mL) in deionized (DI)
water was added into each well, and specimens were left for 10 min at room temperature in
the dark. After removing the fluorescein solution and rinsing extensively with DI water,
each sample was placed in a new well, and 200 μL of 0.1% (by mass) of
cetyltrimethylammonium chloride (CTMAC) in DI water was added. Samples were shaken
for 20 min at room temperature in the dark to desorb the bound dye. The CTMAC solution
was supplemented with 10% of 100 mM phosphate buffer at pH 8. This was prepared with
0.94 mg/mL monosodium phosphate-monohydrate and 13.2 mg/mL disodium phosphate-
anhydrous in DI water. Sample absorbance was read at 501 nm using a plate reader
(SpectraMax M5, Molecular Devices, Sunnyvale, CA).15,36 The fluorescein concentration
was calculated using Beers Law and an extinction coefficient of 77 mM−1 cm−1.15,36 Using
a ratio of 1:1 for fluorescein molecules to the accessible quaternary ammonium groups, the
surface charge density was calculated as the total molecules of charge per exposed surface
area (the summation of top, bottom and side areas, measured independently for each
polymer disk due to slight variations in disk sizes).15 Six replicates were tested for each
group.

2.3. Bacteria early-attachment on resin and confocal laser scanning microscopy (CLSM)
The dental plaque microcosm model was approved by the University of Maryland. Human
saliva from ten healthy donors was collected following previous studies.42,43 The ten donors
had natural dentitions without active caries or periopathology, and without using antibiotics
within the last 3 months.23,42,43 They did not brush teeth for 24 h and abstained from food/
drink intake for 2 h prior to donating saliva.23,24 Stimulated saliva was collected during
parafilm chewing and kept on ice. An equal volume of saliva from each of the ten donors
was combined to form the saliva sample, which was then diluted to 70% saliva with
glycerol.23,42,43 Aliquots of 1 mL were stored at −80 °C for subsequent experiments.

The saliva-glycerol stock was added, with 1:50 final dilution, into brain heart infusion (BHI)
broth supplied with 0.2% sucrose as inoculums. An inoculum of 1.5 mL was added to each
well of 24-well plates containing a resin disk and incubated with 5% CO2 at 37 °C. To
examine bacteria early-attachment, the incubation lasted for 4 h.15,44 After 4 h, samples
were washed with phosphate buffered saline (PBS) to remove loose bacteria, fixed with 37
mg/mL formaldehyde, and stained for 1 h with 1 μmol/L SYTOX green.15,44 Samples were
examined using a confocal laser scanning microscope (CLSM) (LSM510, Carl Zeiss,
Thornwood, NY). A software (bioImageL, Malmö University, Malmö, Sweden) was used to
measure the surface area covered by bacteria in each image.45 The surface area coverage
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was plotted as a percentage of the unmodified SBMP control. Six specimens were tested for
each test group (n = 6).

2.4. Microcosm biofilm response in 2-day culture and colony-forming units (CFU)
The saliva-glycerol stock was added, with 1:50 final dilution, into BHI with 0.2% sucrose as
inoculums. An inoculum of 1.5 mL was added to each well of 24-well plates containing a
resin disk and incubated with 5% CO2 at 37 °C. After incubating in 5% CO2 at 37 °C for 8
h, the disks were transferred to new 24-well plates with fresh medium of BHI plus 0.2%
sucrose. After 16 h, the disks were transferred to new 24-well plates with fresh medium and
incubated for another 24 h. The total culture time was 48 h, previously demonstrated to
successfully form biofilms on resins.23,24,43 To measure the biofilm CFU, disc with 48 h
biofilms were rinsed with PBS to remove loose bacteria. Disks were transferred into tubes
with 2 mL PBS, and the biofilms were harvested by sonication (3510R-MTH, Branson,
Danbury, CT) for 5 min, followed by vortexing at 2400 rpm for 30 s using a vortex mixer
(Fisher Scientific, Pittsburgh, PA). Three types of agar plates were prepared. Tryptic soy
blood agar culture plates were used to determine total microorganisms.23,24 Mitis salivarius
agar (MSA) culture plates with 15% sucrose were used to determine total
streptococci.23,24,46 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.46 In addition, cariogenic
mutans streptococci are resistant to bacitracin, hence this property can be used to isolate
mutans streptococci from the highly heterogeneous oral microflora. Therefore, the third type
of agar plates was MSA agar plates plus 0.2 units/mL of bacitracin, to determine mutans
streptococci.23,24,47 The bacterial suspensions were serially diluted and spread onto agar
plates for CFU analysis.23,24 Six specimens were tested for each test group (n = 6).

2.5. Statistical analysis
Statistical analyses were performed using SPSS 17.0 software (SPSS, Chicago, IL). One
way analyses of variance (ANOVA) were used to detect the significant effects of the
variables. Tukey’s multiple comparison was performed using a p value of 0.05.

3. Results
Fig. 1 shows representative SYTOX green-stained CLSM images of microcosm bacteria
early-attachment at 4 h vs. QAM chain length. The resin disks were SBMP containing 10%
QAM with different CL. SBMP control without QAM had the most bacteria attachment.
Increasing the CL gradually reduced bacteria early-attachment, with the least bacteria
colonization on resin containing DMAHDM with CL of 16. However, with further
increasing the CL to 18, the bacteria attachment increased.

The quantitative coverage of resin area by microcosm bacteria at 4 h vs. CL is plotted in Fig.
2. Starting from CL of 3, the bacteria coverage decreased with increasing CL, reaching a
minimum at CL of 16 ( p < 0.05). Then the bacteria coverage increased with a further
increase in CL to 18. Therefore, CL of 16 showed the strongest antibacterial potency.

Fig. 3 plots the CFU of dental plaque microcosm biofilms on resins cultured for 2 d vs. CL:
(A) Total microorganisms; (B) total streptococci; and (C) mutans streptococci. The biofilm
CFU (mean ± sd; n = 6) decreased with increasing CL ( p < 0.05). The CFU at CL of 16 was
4 log lower than that of SBMP control. However, the biofilm CFU at CL of 18 was higher
than that at CL of 16 ( p < 0.05).

Quaternary amine surface charge density results are listed in Table 2. Control samples with
0% DMAHDM had slight nonspecific interaction with and absorption of the fluorescein salt.
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With increasing the DMAHDM mass fraction, the fluorescein binding to the cationic
quaternary groups revealed statistically significant increases in the quaternary ammonium
sites present on the surfaces of the cured bonding agent disks (p < 0.05).

Fig. 4 shows representative CLSM images of microcosm bacteria early-attachment at 4 h vs.
QAM mass fraction in the bonding agent. The bonding agent contained DMAHDM at mass
fractions from 0% to 10%. SBMP control with 0% QAM had the most bacteria attachment.
Increasing the DMAHDM mass fraction in SBMP decreased the microcosm bacteria
colonization. The microcosm early-attachment was greatly reduced at 10% DMAHDM,
compared to SBMP control.

Fig. 5 plots the quantitative resin area covered by microcosm bacteria vs. charge density
(mean ± sd; n = 6). The DMAHDM mass fraction is listed inside the plot. The
corresponding quaternary ammine charge density is shown on the x-axis. Human saliva
microcosm bacteria were cultured on the resin disks for 4 h to examine early-attachment and
contact-killing effects. The bacteria coverage area on the resin disks decreased with
increasing the DMAHDM mass fraction in the bonding agent ( p < 0.05).

The antibacterial effect against microcosm biofilms at 2 d is plotted in Fig. 6 vs. charge
density (mean ± sd; n = 6): (A) Total microorganisms; (B) total streptococci; and (C) mutans
streptococci. SBMP control had the highest CFUs. The microcosm biofilm CFU decreased
with increasing DMAHDM concentration ( p < 0.05). The microcosm biofilm CFU at 10%
DMAHDM was reduced by 4 orders of magnitude compared to SBMP control. The extent
of CFU reduction was similar for total microorganisms, total streptococci, and mutans
streptococci.

4. Discussion
This study investigated the effects of alkyl chain length and quaternary amine charge density
of bonding agents against human saliva microcosm bacteria for the first time. QAMs with a
series of CL from 3 to 18 were synthesized and incorporated into a bonding agent. Previous
studies showed the prevalence of dental caries worldwide,48,49 and the basic mechanism of
caries is demineralization via acids from bacterial biofilms.8 In particular, recurrent caries at
the tooth-restoration margins is a primary reason for restoration failure.12 Antibacterial
primers and adhesives in the uncured state could flow into dentinal tubules and kill residual
bacteria in the tooth cavity.14,18,32 Antibacterial primers and adhesives in the cured state
could inhibit bacteria invasion along the margins, which could be especially beneficial with
the inevitable formation of marginal microgaps over time. The present study achieved
substantial reduction in bacteria early-attachment to bonding agents, with biofilm CFU
decreasing by 4 log. These results showed that the new antibacterial bonding agents with
tailored chain length and charge density could be highly promising for the inhibition of
biofilms and dental caries.

This study showed a strong CL effect of bonding agent on microcosm bacteria. QAMs
possess bacteriolysis effects, because their positively-charged quaternary amine N+ can
attract the negatively-charged cell membrane of bacteria, which can disrupt membranes and
cause cytoplasmic leakage.34,35 The positively-charged ammonium group could interact
with negatively-charged bacterial membrane to disrupt membrane functions, alter the
balance of essential ions (i.e., K+, Na+, Ca2+, and Mg2+), interrupt protein activity, and
damage bacterial DNA.50 Furthermore, long-chained quaternary ammonium compounds
impart antimicrobial activity by inserting into bacterial membrane, resulting in physical
disruption.50 These mechanisms suggest that chain length and charge density are key factors
that determine the antibacterial efficacy. A previous study on glass ionomers showed that
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quaternary ammonium with chain length 16 had the highest antibacterial activity, whereas
that with chain length 2 had the lowest.21 However, little has been reported on the CL effect
of dental bonding agents. The present study incorporated QAMs into bonding agent and
demonstrated that the antibacterial potency greatly increased with increasing CL from 3 to
16.

Furthermore, the present study showed a strong effect of charge density of bonding agent on
microcosm bacteria response. A previous study on polymeric brushes showed that high
density cationic surfaces could effectively killed bacteria.37 The charge density of a resin
was increased with higher quaternary ammonium concentration.15 To date there has been no
report on the effects of resin charge density on dental microcosm bacteria response. The
present study demonstrated that the antibacterial potency of the resin was directly
proportional to charge density. For early attachment at 4 h, the microcosm bacteria coverage
was greatly reduced with higher charge density. For 2-day microcosm biofilms, a reduction
of 4 log in CFU was achieved.

Since SBMP control did not contain QAM, they should have zero charge density. However,
when using the fluorescein binding assay, baseline fluorescein absorption was exhibited in
SBMP control, indicating unspecific background staining. Similar results were found in
previous studies.15,36 For example, a charge density of 1.4 × 1013 N+/cm2 was reported in
the control material prepared with 1:1 (by mass) of BisGMA:TEGDMA (triethylene glycol
dimethacrylate) resin without any QAM,15 which indicated fluorescein background staining
by the resin. In the present study, a charge density of 1.1 × 1015 N+/cm2 in the background
staining was measured for SBMP control. The difference in the extent of fluorescein
background staining was likely due to the difference in resin composition. Compared to the
BisGMA-TEGDMA resin in the previous study,15 SBMP was the control in the present
study. SBMP primer had 35–45% HEMA. SBMP adhesive had 30–40% HEMA. HEMA is
hydrophilic and can cause significant water-uptake after the resin is cured.51 In contrast,
BisGMA and TEGDMA of the previous study15 are hydrophobic with much less water-
uptake.51 Therefore, the control samples in the present study were more hydrophilic than
those in the previous study15 with greater water-uptake and easier adsorption of florescent
staining. This likely caused more background staining of fluorescein in the SBMP control
samples. Assuming that the SBMP resin disks with various DMAHDM mass fractions had
approximately the same background fluorescein staining, the control background staining
value could be deducted from all the samples. This yielded net charge density (1015 N+/cm2)
of 0 for SBMP control, 0.5 for 2.5% DMAHDM, 1.1 for 5% DMAHDM, 3.1 for 7.5%
DMAHDM, and 5.8 for 10% DMAHDM.

Saliva is ideal for growing biofilms to maintain much of the complexity and heterogeneity in
vivo.52 In the present study, to represent the diverse bacterial populations, saliva from ten
donors was collected and mixed together for use in the experiments. Dental biofilm models
can be divided into three groups: Single species, defined consortium, and microcosm.52

Several studies investigated antibacterial resins using single species bacteria.15,20,32,34 In the
present study, a dental plaque microcosm biofilm model was used to evaluate bonding
agents with various chain length and charge density for the first time. In saliva, streptococci
play an important role in caries formation. The oral streptococci include several groups, such
as the mutans streptococci group, which is considered to be the main pathogens of dental
caries.7 Members of the mutans streptococci group include Streptococcus mutans and
Streptococcus sorbrinus, which are major players in causing caries. The present study
showed that the killing efficacy of bonding agent with different chain length and charge
density was similar in the three types of CFU measurements: total microorganisms, total
streptococci, and mutans streptococci. This indicates that the antibacterial bonding agent had
a similar killing efficacy against different types of bacterial species. Further study is needed
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to test the antibacterial efficacy of the new bonding agents using a human in vivo model, as
well as the application of the new QAMs to other dental resins, sealants, cements and
composites.

5. Conclusions
The effects of alkyl chain length and quaternary amine charge density of bonding agent on
dental plaque microcosm bacteria response were investigated for the first time. The
antibacterial potency of bonding agent containing a series of new QAMs increased with
increasing CL from 3 to 16, but then decreased at CL of 18. The microcosm early-
attachment was decreased on antibacterial bonding agent surfaces, and the biofilm CFU was
reduced by 4 log, compared to commercial control. Bonding agent containing DMAHDM
with different mass fractions enabled the variation of charge density on resin. Increasing the
charge density reduced bacteria attachment, and decreased biofilm CFU by 4 log. The
killing effect vs. chain length or charge density of bonding agent showed a similar potency
against different species, manifested by similar reductions in total microorganisms, total
streptococci, and mutans streptococci CFU. Novel resins with tailored chain length and
charge density are promising for use in dental bonding agents, cements, sealants and
composites to inhibit biofilms and caries.
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Fig. 1.
Representative confocal laser scanning microscopy (CLSM) images of SYTOX green-
stained microcosm bacteria on resins: Effect of chain length CL. Human saliva microcosm
bacteria were inoculated on resin disks and cultured for 4 h to examine early-attachment.
The resin disks were SBMP bonding agent containing 10% of QAM with different chain
length CL. SBMP control had no QAM.
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Fig. 2.
Resin surface area coverage by microcosm bacteria early-attachment: Effect of chain length
CL. Saliva microcosm bacteria were inoculated on resin disks and cultured for 4 h. Each
value is mean ± sd (n = 6). Values with dissimilar letters are significantly different from
each other ( p < 0.05).
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Fig. 3.
Effect of chain length CL on dental plaque microcosm biofilm colony-forming units (CFU):
(A) Total microorganisms, (B) total streptococci, and (C) mutans streptococci. Two-day
biofilms on resins were used for CFU measurements (mean ± sd; n = 6). Note the log scale
for the y-axis. The CFU at CL of 16 was 4 log lower than that of SBMP control. In each
plot, values with dissimilar letters are significantly different from each other ( p < 0.05).
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Fig. 4.
Representative CLSM images of SYTOX green-stained microcosm bacteria on resins:
Effect of quaternary amine surface charge density. The bonding agent contained DMAHDM
at mass fractions ranging from 0% to 10%.

Zhou et al. Page 15

J Dent. Author manuscript; available in PMC 2013 December 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Resin surface area coverage by microcosm bacteria early-attachment: Effect of quaternary
amine surface charge density. Saliva microcosm bacteria were inoculated on resin disks and
cultured for 4 h. The DMAHDM mass fraction is listed inside the plot. The corresponding
quaternary ammine charge density of bonding agent disks is shown on the x-axis. Each value
is mean ± sd (n = 6). Values with dissimilar letters are significantly different from each
other ( p < 0.05).
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Fig. 6.
Effect of quaternary amine surface charge density on dental plaque microcosm biofilm
colony-forming units (CFU): (A) Total microorganisms, (B) total streptococci, and (C)
mutans streptococci. Two-day biofilms on resins were used for CFU measurements (mean ±
sd; n = 6). The DMAHDM mass fraction in the bonding agent is listed inside the plot. The
corresponding quaternary ammine charge density is shown on the x-axis. Note the log scale
for the y-axis. The CFU of biofilm adherent on bonding agent resin disks with a charge
density of 6.9 × 1015 N+/ cm2 was 4 log lower than that of SBMP control. In each plot,
values with dissimilar letters are significantly different from each other (p < 0.05).
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Table 1

Reaction of 2-(dimethylamino) ethyl methacrylate (DMAEMA) with various organo-halides to synthesize new
QAMs with a series of alkyl chain length (CL).

Tertiary Amine Alkyl Organo-Halide Product CL

2-(dimethylamino) ethyl methacrylate (DMAEMA) 1-bromopropane (BP) DMAPM 3

1-bromohexane (BH) DMAHM 6

1-bromononane (BN) DMANM 9

1-bromododecane (BDD) DMADDM 12

1-bromohexadecane (BHD) DMAHDM 16

1-bromooctadecane (BOD) DMAODM 18
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