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Abstract

Orthodontic composites are prone to bacterial adhesion and biofilm formation,

leading to serious side-effects during treatment with fixed appliances. Here we

describe the preparation of an orthodontic adhesive comprised of composite resin

and [3-(Methacryloylamino)propyl] trimethylammonium chloride (MAPTAC).

MAPTAC is a non-bactericidal quaternary ammonium monomer, becoming

bactericidal after cross-linking with composite resin monomers. Composite with

16% and 20 wt% cross-linked MAPTAC showed strong contact-killing of various

oral streptococcal strains within 15 min, while no bactericidal components leached

out. Contact-killing reduced after the composite was coated with a salivary

conditioning film, but still remained significant. No cytotoxicity of composite with

cross-linked MAPTAC was observed toward human skin fibroblasts. The bond

strengths of the composite onto etched bovine enamel surfaces (12 ± 3 MPa)

decreased with increasing amounts MAPTAC in the composite to half of the

original value when 20 wt% of MAPTAC was incorporated, which remained within a

clinically acceptable range. These results suggest that MAPTAC can be effectively

incorporated in orthodontic composite to provide long-term bactericidal activity

against oral bacteria.
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Introduction

Orthodontic treatment is becoming increasingly popular. Whereas two decades

ago, it was exclusively for juveniles, adult orthodontic treatment is now very

common, and at present there are more than four million juvenile and over one

million adult patients in North-America alone reported by the American Association

of Orthodontists. However, despite its esthetic and functional advantages, the

downsides of orthodontic treatment have not been much addressed. The region of

the tooth surface around the brackets, and especially the adhesives used, is prone

to adhesion of oral bacteria and subsequent biofilm formation1. Oral biofilm is

difficult to remove and regular brushing is often insufficient to remove biofilm from

retention sites, such as around brackets and adhesive. Oral biofilm causes

demineralization of the enamel, which in its mildest form yields discoloration, or so-

called white spot lesions indicative of sub-surface decalcification2. White spot

lesions occur in approximately 50% of all orthodontic patients, and remain visible

as a permanent enamel scar after removal of orthodontic braces, even 5 years

after treatment3,4. The long term presence of white spot lesions is one of the

negative side-effects, compromising facial esthetics, of an often lengthy and costly

course of orthodontic treatment. More severely, white spot lesions may turn into

actual “tooth decay”, or periodontal disease either during active treatment or after

brace removal5.

Composite resins are one of the most frequently used adhesives in

orthodontics for bonding brackets onto the enamel surface6. Composites, however,

exert stronger forces on adhering bacteria than metal or enamel surfaces7,

especially with the rough surface finish customary to orthodontic practice, and as a

consequence composite adhesives have a high ability to retain oral bacteria,

including mutans streptococci8. Moreover, due to shrinkage of the adhesive during

polymerization, a gap develops between the adhesive and the enamel surface in

which bacteria can grow protected from all oral detachment forces1. This makes

the adhesive surface a critical site for bacterial adhesion and biofilm formation
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associated with fixed orthodontic appliances, especially since the adhesive is

located close to the vulnerable enamel surface. Current preventive measures are

based on toothbrushing, the use of interdental aids and antibacterial rinses and

pastes but appear largely inadequate in the majority of orthodontic patients.

An alternative approach toward prevention would be the use of bactericidal

composites to control biofilm formation, but such a product is not yet commercially

available9,10. Composites can be made bactericidal by incorporating an

antimicrobial agent in the matrix that subsequently leaches out or by incorporating

an antimicrobial in the polymer matrix that kills bacteria upon contact. The

incorporation of leaching agents, such as chlorhexidine, cetylpyridinium chloride or

benzalkonium chloride, yielded antimicrobial effects on Streptococcus mutans due

to their gradual leaching into saliva over time11,12. Leaching of antimicrobials from a

composite often displays a burst-release in the first few weeks after application,

followed by a much lower tail-release. Although tail-release can extend over

appreciable periods of time, as demonstrated also for antibiotic-releasing bone

cements in orthopaedics13,14, the antimicrobial concentrations that are achieved

during tail-release are often too low to be effective. This is especially troublesome

in orthodontics, not only because of the continuous bacterial challenge and salivary

wash-out in the oral cavity, but moreover because orthodontic appliances remain in

the oral cavity for several months up to years, which exceeds the reservoir capacity

of the small volume of adhesive used per bracket by far. Therefore, modifying the

composite surface in such a way that it kills adhering bacteria upon contact would

provide a better solution for orthodontic applications.

Low molecular-weight quaternary ammonium compounds (QACs) are very

potent antimicrobials, used for decades in domestic, industrial and clinical

applications. More recently, many efforts have been made to immobilize QACs on

surfaces. Various groups have shown that surfaces decorated with immobilized

QAC nanoparticles and monomers are bactericidal15-19. It is difficult however, to

fully cure antimicrobial monomers into a composite material, especially when using
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photo-curing18-20. Therewith it remains doubtful whether many of the current

approaches to incorporate antimicrobial monomers in composites rely on eluting

antimicrobial monomer or on contact-killing of adhering bacteria19,21. [3-

(Methacryloylamino)propyl] trimethylammonium chloride (MAPTAC) is a non-

bactericidal quaternary ammonium monomer however, suggested to become

bactericidal after cross-linking with composite monomers.

In this study, we cross-linked MAPTAC into an existing composite adhesive to

create a non-leaching, contact-killing surface. In vitro contact-killing of oral bacteria

in the absence and presence of an adsorbed salivary conditioning film, absence of

release of MAPTAC and cytotoxity of the modified composite will be evaluated.

Finally, the effects of cross-linking the MAPTAC into the composite on the bond

strength of brackets on bovine enamel surfaces will be compared with composite

without MAPTAC.

Materials and Methods

Sample preparation

MAPTAC was cross-linked into one of the most commonly used light-curable

composites for bonding orthodontic brackets, Transbond XTTM (3M Unitek,

Monrovia, CA, USA). The main components of Transbond XTTM are summarized in

Table 1. MAPTAC was obtained as a 50 wt% solution in water from Sigma-Aldrich

and used as received. The structures of MAPTAC and the bismethacrylate

monomers in Transbond XTTM are depicted in Figure 1. Transbond XTTM without

MAPTAC served as control.

Transbond XTTM was first dispersed in 100% ethanol in eppendorf microtubes,

after which MAPTAC was added in different amounts (4 to 20 wt%) with respect to

Transbond XTTM and thoroughly mixed. Subsequently, the mixture was drop-wise

and equally spread on glass cover slips (18 × 18 mm2) with a pipette.
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Figure 1. Chemical structures of [3-(Methacryloylamino)propyl] trimethylammonium chloride
(MAPTAC) monomer (A), Bisphenol A diglycidyl ether dimethacrylate (B1) and Bisphenol A
bis(2-hydroxyethyl ether)dimethacrylate (B2). The methacryloyl structures of the MAPTAC
monomer and methacrylate structure of Bis-GMA-based composite can co-polymerize with
each other to form a bond.

Composite Composition % weight

Silane-treated quartz 70-80

Bisphenol A diglycidyl ether dimethacrylate 10-20

Bisphenol A bis(2-hydroxyethyl ether)dimethacrylate 5-10

Transbond XT

light-cure

orthodontic

adhesive

Silane-treated silica <2

Table 1. Chemical composition of the composite used in the study (data taken from Uysal.
et al., 200922).
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After allowing 30 min for evaporation of ethanol, the samples were light-cured

with a halogen lamp (Optilux 501 Curing Light, Danbury, CT 06810-4153, USA) for

20 s at a distance of 3 mm from the samples.

In the assays involving contact-killing of adhering bacteria composite samples

with and without a salivary conditioning film were used. Salivary conditioning films

were adsorbed to the composite surfaces by immersing the samples into

reconstituted human whole saliva for 2 h. Human whole saliva from 20 healthy

volunteers of both sexes was collected into ice-chilled erlenmeyer flasks after

stimulation by chewing Parafilm™. After the saliva was pooled and centrifuged

twice (10,000 g, 15 min, 4°C), phenylmethylsulfonyl fluoride was added to a final

concentration of 1 mM, as a protease inhibitor. Afterwards, the solution was

centrifuged again, dialyzed (24 h, 4°C) against demineralized water, and freeze-

dried for storage. All volunteers gave their informed consent to saliva donation, in

agreement with the rules set out by the Ethics Committee at the University Medical

Center Groningen. For each experiment, the lyophilized saliva was dissolved in

adhesion buffer (2 mM potassium phosphate, 50 mM potassium chloride, 1 mM

calcium chloride; pH 6.8) at a concentration of 1.5 g/L. This reconstituted saliva

was centrifuged again at 10,000 g for 5 min at 10°C. All saliva-coated samples

were dipped three times in demineralized water after adsorption of the salivary

conditioning films and immediately used for the assays.

Physicochemical properties of the composite surface prior to and
after MAPTAC incorporation

Incorporation of MAPTAC into the acrylic matrix was demonstrated using X-ray

Photoelectron Spectroscopy (XPS) from a change in nitrogen concentration at the

surface. The XPS, an S-probe spectrometer (Surface Science Instruments,

Mountain View, California, US), was equipped with a monochromatic X-ray source

(Al K anode yielding 1486.8 eV X-rays) and operated at 10 kV accelerating

voltage and 22 mA filament current. The direction of the photoelectron collection
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angle was 35 degrees with respect to the surface of the sample, and the electron

flood gun was set at 10 eV. A survey scan was made with a 1000 × 250  m2 spot

and a pass energy of 150 eV. The experimental peaks were integrated after non-

linear background subtraction to yield elemental surface compositions, expressed

in atom% while setting %C + %O + %N + %Si to 100%.

Water contact angles were measured on all samples in the absence of an

adsorbed salivary conditioning film using the sessile drop technique in combination

with a home-made contour monitor at 25°C. The monitor registers the contour of a

water droplet based on grey-value threshold after which contact angles are

calculated from the height and base width of the droplet.

Bacterial strains and culture

Five bacterial strains were included in this study. Streptococcus sanguinis

ATCC10556, Streptococcus mutans ATCC700610 and Streptococcus mutans NS

were incubated in 10 mL Todd Hewitt Broth (THB, Oxoid, Basingstoke, UK), while

Streptococcus sobrinus ATCC33478 and Streptococcus sobrinus HG1025 were

incubated in 10 mL Tryptone Soya Broth (TSB, Oxoid, Basingstoke, UK) overnight

at 37ºC. After intermittent sonication to break bacterial chains or aggregates in an

ice/water bath for 3 x 10 s at 30 W, each bacterial suspension was adjusted to a

density of 109/mL and serially diluted to 103/ml by enumeration in a Bürker-Türk

counting chamber.

Evaluation of contact-killing of adhering bacteria

Contact-killing of composites with and without incorporated MAPTAC were

examined with Petrifilm Aerobic Count plates (3M Microbiology, St. Paul, MN,

USA). The Petrifilm AC plate is a ready-made culture medium system that can be

used for counting aerobic bacteria. It consists of two films, a bottom film containing

standard nutrients, a cold-water gelling agent, and an indicator dye that facilitates

colony counting, and a top film enclosing the sample within the Petrifilm system.
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The bottom film containing the gelling-agent was first swelled with 1 mL sterile

demineralized water for 1 h and transferred to the transparent top film before

usage. Next, 10  L of a bacterial suspension was put on the samples with and

without a salivary conditioning film, and samples were placed in between the

Petrifilm system with the agar gel spreading the bacterial suspension over the

samples. Petrifilms were then incubated at 37°C for 48 h after which the number of

colonies formed were counted. In addition, samples showing complete absence of

bacterial growth in the Petrifilm assay were subsequently stamped onto blood agar

plates on 5 different places and incubated at 37°C for 48 h to verify absence of

bacteria. The lowest concentration of MAPTAC incorporated in the composite resin

yielding full absence of colonies in the Petrifilm assay was taken as the minimal

contact bactericidal concentration (MCBC).

Contact-killing was further evaluated according to an established assay (ASTM

E2149-01). Briefly, a bacterial suspension was diluted in phosphate buffer saline

(10 mM potassium phosphate and 150 mM sodium chloride) to a density of

approximately 106 bacteria per mL. 50 mL of this bacterial suspension was added

into test tubes together with a composite sample and shaken in an orbital mixer at

200 rpm for 15 min to facilitate contact between the bacteria in suspension and the

surface. Afterwards, the suspensions were serially diluted and the numbers of

CFUs in the suspension determined by plate counting. Since salivary proteins may

desorb during ASTM E2149-01 assay, application of this assay was confined to

samples in the absence of adsorbed salivary conditioning films. According to the

ASTM E2149-01 recommendation23, absence of antimicrobials leaching out of the

samples was verified by putting 100  L of a bacterial suspension after contact-

killing into a 1 cm diameter hole bored into a blood agar plate, seeded with a

confluent layer of S. mutans ATCC700610. Zones of inhibition around the holes

were evaluated after overnight incubation at 37°C.



108

Cytotoxicity

Human skin fibroblast cells (CCD-1112SK, ATCC-CRL2429) were used for

cytotoxicity evaluation. Four composite samples (diameter 5 mm and thickness 2

mm) were immersed in 10 mL RPMI 1640 medium at 37°C for 7 days to allow

possible elution of cytotoxic components. Samples without MAPTAC incorporated

served as control. The samples were taken out and the medium was inoculated

with human skin fibroblasts and incubated for 3 days at 37°C in a 12-well plate.

Cell viability was judged from a comparison of the growth and spreading of

fibroblasts in media after possible elution from the control composite and

composite with MAPTAC incorporated.

Bond strength

Universal stainless steel twin brackets (Victory, 3M/Unitek, US), with 0 degree tip, 0

degree torque and a base surface area of 10 mm2, were bonded onto etched

bovine incisors with MAPTAC-incorporated composite after surface application of

Transbond XT light cure adhesive primer (3M/Uniteck, US). After allowing the

material to set for 10 min, the incisors with brackets were soaked in reconstituted

saliva for 18 h after which the bond strength was determined with a universal

testing machine (Zwick ROELL Z2.5 MA 18-1-3/7, ULM, Germany) in a shear

mode. Shear force was applied using a shearing blade parallel to the adhesive

surface until failure occurred at a loading speed of 1.0 mm/min.

Statistical analysis

MCBC values were analyzed using the Mann-Whitney test, while contact-killing in

ASTM E2149-01, water contact angles and bond strengths were analyzed

employing ANOVA at a 0.05 level of significance.
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Results

Physicochemical properties of composite surfaces prior to and after
MAPTAC incorporation

XPS indicated the absence of nitrogen in composite prior to incorporation of

MAPTAC, next to 17.3% O, 81.3% C and 1.5% Si. Incorporation of MAPTAC

yielded 0.6% N when 24 wt% was cross-linked into the composite. Nitrogen could

not be detected in samples with less MAPTAC incorporated. Low MAPTAC

incorporation did become evident from a significant decrease (p < 0.05) in water

contact angle upon increasing MAPTAC incorporation from 86 ± 2 degrees to 41 ±

2 degrees after MAPTAC incorporation at 20 wt% (Fig. 2).

Figure 2. Water contact angles on composite adhesive as a function of the amount of
MAPTAC cross-linked into the composite. Error bars denote mean standard deviation over
three different samples.
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Contact-killing of adhering bacteria

Composite resin with MAPTAC incorporated yielded contact killing for bacterial

challenges from all strains with MAPTAC concentrations of 16 wt% or higher (Table

2). Concentrations between 8 and 16 wt% were only effective in contact-killing at

the lower bacterial challenges. The MCBC values for S. sanguinis were higher than

for the other species (p < 0.05). Blood agar assays generally confirmed the

observations from the Petrifilm assay, although often viable bacteria were detected

on blood agar up to slightly higher bacterial challenge concentrations than in the

Petriflm assay.

Adsorption of a salivary conditioning film attenuated bacterial contact-killing by

the composites with MAPTAC incorporated (Table 3), but contact-killing remained

effective, especially at the lower challenge concentrations and when cross-linking

higher amounts of MAPTAC in the composite.
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Table 2. Minimum contact bactericidal concentration (MBC) of orthodontic composite
incorporated with MAPTAC in the absence of an adsorbed salivary conditioning film for
different bacterial challenge concentrations from 10  L droplets, determined with the 3M
Petrifilm assay (3M). Samples showing no bacterial counts in the Petrifilm assay, were
further stamped on blood agar for verification of the absence of viable bacteria.

103 /mL 104 /mL 105 /mL 106 /mL 107 /mL 108 /mL 109 /mL
w/w

3M BA 3M BA 3M BA 3M BA 3M BA 3M BA 3M BA

0% + + + + + + +
4% + + + + + + +
8% ± + + + + + +
12% - ± - ± - ± - ± - + - + - +
16% - ± - ± - ± - ± - ± - ± - ±

S. sanguinis
ATCC10556

20% - - - - - - - - - - - - - -

0% + + + + + + +
4% - - - ± ± + + + +
8% - - - - - - - ± - ± - ± - +
12% - - - - - - - - - - - ± - ±
16% - - - - - - - - - - - - -

S. mutans
ATCC700610

20% - - - - - - - - - - - - - -

0% + + + + + + +
4% + + + + + + +
8% - + - ± - ± ± + + +
12% - - - ± - ± - ± - ± - ± - ±
16% - - - - - - - - - - - - - -

S. mutans
NS

20% - - - - - - - - - - - - - -

0% + + + + + + +
4% - ± ± ± ± + + +
8% - - - - - ± ± ± + +
12% - - - - - - - - - ± - ± - ±
16% - - - - - - - - - - - - - -

S. sobrinus
ATCC33478

20% - - - - - - - - - - - - - -

0% + + + + + + +
4% ± ± ± + + + +
8% - - - - - ± ± ± + +
12% - - - - - - - ± - ± - ± - ±
16% - - - - - - - - - - - - - -

S. sobrinus
HG1025

20% - - - - - - - - - - - - - -

+ full coverage of the Petrifilm by colonies;
± scattered colonies;
- no colonies;
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Table 3. Minimum contact bactericidal concentration (MBC) of orthodontic adhesive with
incorporated MAPTAC in the presence of an adsorbed salivary conditioning film for different
bacterial challenge concentrations from 10  L droplets, determined with the 3M Petrifilm
assay (3M). Samples showing no bacterial counts in the Petrifilm assay, were further
stamped on blood agar for verification of the absence of viable bacteria.

103 /mL 104 /mL 105 /mL 106 /mL 107 /mL 108 /mL 109 /mL
3M BA 3M BA 3M BA 3M BA 3M BA 3M BA 3M BA

0% + + + + + + +
20% ± ± ± ± + + +
24% - - ± ± ± ± + +

S. sanguinis
ATCC10556

28% - - - - ± ± ± ± ±

0% + + + + + + +
16% - - - ± - ± ± ± ± +
20% - - - - - ± ± ± ± ±S. mutans

ATCC700610 24% - - - - - - - ± - ± - ± - ±

0% + + + + + + +
16% - ± - ± - ± ± + + +
20% - - - ± - ± ± ± + +S. mutans

NS 24% - - - - - ± - ± - ± - ± - ±

0% + + + + + + +
16% - - - - - ± - ± ± ± +
20% - - - - - - - ± - ± ± +

S. sobrinus
ATCC33478

24% - - - - - ± - ± - ± - ± ±

0% + + + + + + +
16% - ± - ± - ± - + + + +
20% - - - ± - ± - ± - ± + +

S. sobrinus
HG1025

24% - - - - - ± - ± - ± - ± ±

+ full coverage of the Petrifilm by colonies;
± scattered colonies;
- no colonies;
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Contact-killing in the ASTM E2149-01 assay as a function of time is

summarized for all five bacterial strains in Fig. 3. Contact-killing on composites with

MAPTAC incorporated proceeded extremely fast and yielded highly significant

killing of more than 99.99% of all bacteria in suspension within 15 min. Suspension

fluid after the assay showed no zones of inhibition on blood agar inoculated with S.

mutans, even not at the highest amount of MAPTAC incorporated, indicating that

no antimicrobial polymers were eluted from any of the samples.

Figure 3. The number of CFUs recovered in ASTM E2149-01 for contact-killing as a
function of time for different bacterial strains and a composite with 20 wt% MAPTAC
incorporated. Percentages indicate the numbers of CFUs recovered from composite with
incorporated MAPTAC relative to unmodified composite. Error bars denote mean ± standard
deviation over three independent samples assayed with separate bacterial cultures.
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Cytotoxicity of MAPTAC-modified composite

Fig. 4 compares the morphologies of human skin fibroblasts grown in RPMI 1640

medium after 7 days immersion of either control composite or composite with 20

wt% MAPTAC incorporated. In both cases cells proliferated and spread well and

cell morphologies are identical after growth in medium following immersion of

composite with or without MAPTAC incorporated, indicating that composite with

MAPTAC cross-linked into it was not cytotoxic at this concentration.

A

B

Figure 4. Human skin fibroblasts after 3 days growth in RPMI 1640 medium following 7 days
immersion of composite adhesive without (A) and with (B) incorporated MAPTAC in the
medium. Scale bar indicates 100  m.

A

B
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Bonding strength of composite adhesive

Bond strength of brackets to etched bovine enamel surfaces gradually decreased

upon incorporation of increasing amounts of MAPTAC from 12.4 ± 3.8 MPa in the

absence of MAPTAC to 6.8 ± 3.8 and 6.3 ± 3.5 MPa (p < 0.05) at 16 wt% and 20

wt% MAPTAC incorporation, respectively (Fig. 5).

Figure 5. Bond strength of brackets to bovine enamel using composite adhesives with
different amounts of MAPTAC incorporated. Error bars denote mean ± standard deviation
over five independent measurements. * indicate the statistical significant difference between
the groups (p < 0.05).



116

Discussion

The composite adhesive is a crucial site for bacterial adhesion and biofilm

formation around orthodontic brackets due to its rough surface and the shrinkage

gap between the adhesive and the enamel surface. Biofilm formation in this region

causes serious negative side-effects during orthodontic treatment1. In the current

study, a non-bactericidal quaternary ammonium monomer (MAPTAC) was

incorporated into a composite resin used as an adhesive for brackets in

orthodontics. MAPTAC is a monomethacrylate that will copolymerize upon UV-

irradiation with the bi-functional methacrylate monomers of a composite resin

yielding a cross-linked network and bactericidal activity of MAPTAC. Since

monomeric MAPTAC is not bactericidal, composites with MAPTAC incorporated

are only killing adhering bacteria upon contact and not by potential leakage from

the composite matrix, as demonstrated in this study.

In general, QACs exert their antimicrobial action through binding to negatively

charged cell wall components, which eventually leads to disruption of membrane

integrity and leakage of cytoplasmic material. The bactericidal activity of QACs

depends on its chain length, determining the molecule’s ability to penetrate the

membrane24, which is why low-molecular weight, monomeric MAPTAC is not

bactericidal. We here show, that once cross-linked into the composite, cationic

MAPTAC chains are chemically bound within the composite to become long

enough for dangling ends at the surface to kill adhering bacteria upon contact24,25.

Interestingly, contact-killing occurred while the surface coverage of the composite

by nitrogen arising from MAPTAC was only 0.6 atom%, which may be considered

low considering the fact that 24 wt% MAPTAC was totally cross-linked into the

composite. Likely, hydrophilic MAPTAC tries to avoid the surface with hydrophobic

air and burries itself maximally into the composite matrix.

Adsorption of salivary components readily occurs to all surfaces exposed to the

oral cavity. The presence of an adsorbed salivary conditioning film decreased the

contact-killing of composite after MATPAC incorporation, but killing still remained
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highly significant. This suggests that dangling ends may extend through the

adsorbed salivary conditioning film to contact adhering bacteria. At the same time,

it is very well feasible26, that underneath an adhering bacterium, the adsorbed film

thickness will slowly decrease by enzymatic degradation of salivary proteins and

bond-maturation, causing closer approach of the bacterial cell membrane to the

composite surface. Such explanations would be in line with observations by

Gottenbos et al27, that QAC molecules adsorbed to silicone rubber, remain

effective in contact-killing of bacteria when sub-cutaneously implanted in rats.

Compared with incorporation of bactericidal QAC monomers into composite

resins15,18,19, the antibacterial effect of a non-bactericidal QAC monomer cross-

linked into acomposite as in this study, excludes the effect of eluted bactericidal

monomer into environment and the potential cytotoxic effects on human cells. The

current approach of cross-linking a non-bactericidal monomer into a composite

matrix to become bactericidal, has several advantages over other approaches

taken so far to make bactericidal composites for orthodontic application. Apart from

the fact, that the small amount of adhesive used to fix one bracket to the enamel

surface will not have sufficient storage capacity to warrant long-term leaching of

effective amounts of a bactericidal compound, the complete absence of leakage of

added (bactericidal) compounds due to cross-linking also ensures absence of

cytotoxicity, as demonstrated in this studyl. Moreover, the fact that only adhering

bacteria are killed, implies that the majority of the oral microflora remains intact,

which may be a major ecological advantage for the maintenance of oral health28.

Although dead bacteria, killed upon contact, will also shield the dangling MAPTAC

ends similar as the adsorbed salivary film, oral cleansing forces will eventually

remove the layer of dead bacteria, despite the difficulties involved in effective oral

hygiene during the use of orthodontic appliances. However, it has recently been

shown that a layer of dead bacteria may act as a reservoir for antibacterials

absorbed from antibacterial toothpastes or mouthrinses, to provide local protection

against biofilms upon their gradual release form the dead biofilm mass29.
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The reduction in the bond strength of brackets using an adhesive with cross-

linked MAPTAC may appear troubling from a clinical point of view, but even

incorporation of 20 wt% of MAPTAC yielded bond strengths in excess of the

clinically reported limit of 6 MPa, required to withstand masticatory and orthodontic

forces11,30.

Conclusions

Cross-linking of MAPTAC into TransbondXTTM resulted in a composite with good

contact-killing of bacteria, whereas no bactericidal or cytotoxic agents leached out.

The effect of contact-killing reduced in the presence of saliva, but remained high,

especially at the lower bacterial challenge concentrations. The bond strength of

bracket to enamel surfaces though reduced after cross-linking of 20 wt% MAPTAC

into the composite was still clinically acceptable. Contact-killing composites have a

major advantage in continuing to exert their killing efficacy over prolonged periods

of time as orthodontic treatment of takes, opposite to composites modified to elute

antimicrobials that rapidly become exhausted.

Clinical application of MAPTAC incorporation into acrylic composites may

extend beyond the orthodontic field, most notable into orthopedics, where it could

be used for non-load bearing antimicrobial applications such as antibiotic-loaded

beads and spacers. Whether MAPTAC cross-linking can be used in load-bearing

orthopedic applications, such as in the prophylactic use of antibacterial bone

cements for fixation purposes, will depend on future developments, aiming to

counteract the negative effects of cross-linking MAPTAC into the composite on

bond strengths with calcified tissues and metal surfaces.
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