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Chapter 1

General introduction
and aim of this thesis

 Biofilms in orthodontics: formation,
consequences, treatment and prevention
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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. Together there are more than four million juvenile and one million adult

patients in North America alone reported by the American Association of

Orthodontists. However, the downside of orthodontic treatment has not been much

addressed. The region of the tooth surface around the brackets is prone to

adhesion of oral bacteria and subsequent biofilm formation. Oral biofilm, or “dental

plaque”, is difficult to remove and regular brushing is often insufficient to remove

plaque from retention sites, such as the vulnerable bracket-adhesive-enamel

junction and the sensitive region between brackets and the gingival (Fig. 1).

Figure 1. Orthodontic biofilm, visualized by staining with GUM red-cote, before (lower
dentition) and after (upper dentition) removal of brackets. Stained areas can be clearly seen
on the tooth surfaces around the area where the brackets have been bonded or around the
brackets still present.

Biofilms on dental hard and soft tissues, as well as on different biomaterials

employed for restoration of function in the oral cavity, are the main cause of dental

disease1,2. In orthodontics, the great variety of biomaterials used provides
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numerous additional surfaces to which microorganisms can adhere and form a

bioflm (Fig. 2). Moreover, orthodontic appliances severely hamper the efficacy of

toothbrushing3, reduce the self-clearance by saliva4, change the composition of the

oral flora5, increase the amount of oral biofilm formed6 and the colonization of oral

surfaces by cariogenic7 and periodontopathogenic bacteria8. These factors strongly

complicate orthodontic treatment, and illustrate that the need for oral biofilm control

is even greater during orthodontic treatment than usual4. Despite current

preventive measures to control biofilm formation during orthodontic treatment, the

prevalence of biofilm-related problems has remained high.

Figure 2. Components of orthodontic appliances influencing biofilm formation.
(A): adhesive; (B): bracket; (C): ligating with elastomeric ring; (D): ligating with steel ligature;
(E): self-ligating bracket with the clip open; (F): self-ligating bracket with a closed clip; (G):
arch wire; and (H): bonded retainer.
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Biofilm formation on orthodontic materials

Composition of orthodontic biofilms

Oral biofilms, including orthodontic biofilms (oral biofilms formed on orthodontic

biomaterials during active orthodontic treatment or retention phase), are diverse

communities of microorganisms on dental hard and soft tissues and dental

biomaterials. These biofilms are embedded in an extracellular matrix of polymers of

host and microbial origin, possessing complex spatial, heterogeneous and dynamic

structures9. Oral biofilms in general comprise about 80% water and 20% of solid-

phase components including proteins, carbohydrates, fat, and inorganic

components. The bacterial diversity in the oral cavity is estimated to include at

least 800 different species, consisting of a wide variety of Gram-positive and Gram-

negative bacteria, such as facultative anaerobic and obligatory anaerobic species.

The number of detectable bacterial species is expected to rise into the thousands

with advances in modern detection techniques1. The extracellular matrix of biofilms

is a self-produced, gel-like structure mainly made of polysaccharides, proteins,

nucleic acids and lipids10.

The composition of orthodontic biofilms varies during the course of treatment.

Placement of an orthodontic appliance increases not only the amount of biofilm,

but also the prevalence of cariogenic bacteria such as mutans streptococci and

lactobacilli7 and periodontopathogenic bacteria such as Porphyromonas gingivalis,

Prevotella intermedia, Prevotella nigrescens, Tannerella forsythia, and

Fusobacterium species8. The elevated prevalence of Streptococcus mutans during

active treatment, decreases quickly to normal levels within a few months after

removal of the orthodontic appliances11. In regions with dental crowding, more

biofilm accumulates with higher levels of periodontopathogens, such as

Fusobacterium species, Capnocytophaga species, Campylobacter rectus, and

Peptostreptococcus micros12.
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Mechanism of biofilm formation

Oral biofilms accumulate through sequential and ordered colonization of oral

surfaces by the different strains and species present in the oral cavity1,2,9. Distinct

phases can be discriminated in the formation of oral biofilms (Fig. 3):

Figure 3. Steps of biofilm formation: 1. Conditioning film formation; 2. Reversible adhesion;
3. Transition to irreversible adhesion; 4. Co-adhesion of microorganisms to already
adhering; 5. Growth into a mature biofilm. (Illustration adapted from Stoodley et al13).

1. Conditioning film formation: a salivary conditioning film, known in dentistry as

the “acquired pellicle”, forms immediately after cleaning or introducing new

surfaces into the oral cavity.

2. Reversible adhesion: an interplay of attractive Lifshitz-Van der Waals forces

and electrostatic repulsion between bacteria and substratum surfaces yields an

initially reversible adhesion. Since conditioning films form more rapidly than

bacteria can be transported to the surface, bacteria mostly adhere to a salivary

conditioning film and seldom to a bare substratum surface9.

3. Transition to irreversible adhesion: when close contact between an adhering

bacterium and a substratum surface is established, adhesion becomes irreversible

through the involvement of acid-base interactions, forming the basis for the strong,

stereo-chemical interactions between adhesins on the bacterial surface and
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receptors in the salivary conditioning film (M proteins, antigen I/II, Ig-binding

proteins, and Fn-binding proteins)10.

4. Co-adhesion of microorganisms to already adhering, early colonizers, which

is also mediated by long-range, attractive Lifshitz-Van der Waals forces and highly

specific stereo-chemical interactions at close approach2.

5. Growth into a biofilm: adhering bacteria grow into a biofilm and produce

extracellular polymeric substances (EPS) by metabolism of e.g. sucrose, yielding

the complex biofilm matrix. EPS matrices are three-dimensional, spatially and

functionally organized structures, protecting the microorganisms against outside

attacks, such as from antimicrobials1.

Physico-chemical properties, such as hydrophobicity, surface charge and

surface free energy are generally believed to play an important role, particularly in

the initial stages of bacterial adhesion to surfaces, although no physico-chemical

explanation of microbial adhesion to surfaces has been forwarded that goes

beyond validity for selected collections of strains and surfaces14. Once biofilm

formation has passed the stage of initial adhesion, environmental factors like pH

and nutrient availability often play a more decisive role in the final amount of biofilm

formed than differences in initial adhesion that can be achieved by altering the

biomaterials surface properties, which yields limited reductions in microbial

adhesion numbers of utmost a factor of ten.

Under clinical conditions, roughness overrides all beneficial effects of

biomaterials coatings, especially in supra-gingival regions15. Roughness is of less

importance in relatively stagnant regions, such as in sub-gingival pockets16. Also

the removal of biofilm from rougher surfaces is more difficult than from smooth

surfaces. Consequently, in vivo the natural oral cleansing forces are less effective

in removing oral biofilm. Moreover, rough surfaces offer protection against oral

shear forces, but also provide a protective shelter against environmental attacks

such as by antibacterial oral health care components14.
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Factors influencing orthodontic biofilm formation

Orthodontics adhesives, fixed appliances including brackets, ligating devices and

arch wires, or removable acrylic plates are important factors influencing orthodontic

biofilm formation (see also Fig. 2).

Adhesives. Composite resins for orthodontic bonding are in direct contact with

the vulnerable enamel surface and their properties with respect to bacterial

adhesion may be more important than of other orthodontic materials. In general,

excessive composite resin at the bracket-enamel-adhesive junction is prone to

bacterial adhesion, especially since polymerization shrinkage may yield a gap with

a width of up to 10  m at the adhesive-enamel interface where bacteria find

themselves protected against oral cleansing forces and antibacterial components

of toothpastes and mouthrinses17. Moreover, bacterial adhesion forces to

composite resin, which often have a rougher surface than enamel or brackets,

were stronger than to brackets or saliva-coated enamel, and depended on the

bacterial strain involved18. Different filler-volume fractions of silicon dioxide in the

composite did not have an effect on the adhesion of S. mutans19.

Brackets. Some in vitro studies have demonstrated significant differences in

bacterial adhesion and biofilm formation between brackets made from different

materials. Initial adhesion of S. mutans was higher on plastic brackets than on

stainless steel and ceramic brackets, on which adhesion was lowest20. In contrast,

another in vitro study showed no significant differences of S. mutans adhesion to

stainless steel, ceramic or plastic brackets21. However, the difference between

metallic and ceramic brackets in the adhesion of S. mutans could not be confirmed

in vivo, neither was there a difference in adhesion of Lactobacillus species22. In

vivo, maxillary brackets harvested more S. mutans and S. sobrinus than

mandibular brackets23, while labial brackets harvested more biofilm than lingual

brackets24. Also a split-mouth study indicated more anaerobic and aerobic

organisms in self-ligating than in conventional bracket sites25. Combined with the

observation that the occurrence of white spot enamel lesions and gingival
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inflammation was similar in patients with self-ligating and conventional brackets26,

this may indicate that biofilm formation on the brackets themselves is less harmful

than when formed at the bracket-enamel-adhesive junction.

Ligating Devices. Steel ligature wires and elastomeric rings are the most

frequently used devices for ligating orthodontic wires into brackets before the

introduction of self-ligating brackets. Between elastomeric rings and steel ligature

wires, no difference was found regarding biofilm weight or biofilm-related clinical

indices. However, elastomeric rings are related to a higher possibility of enamel

demineralization, and are not recommended in patients with poor oral hygiene27.

Self-ligating devices, made of stainless steel or titanium, accumulate less biofilm

than elastomeric rings28.

Arch Wires. Complicated appliance designs with loops and auxiliary arch wires

create areas that are difficult to clean and may therefore enhance biofilm

formation4. The inter-bracket part of arch wires is relatively distant from the enamel

surface and gingival tissues, and biofilms formed here may also be considered

relatively harmless to the enamel and gingival tissues. Moreover, biofilms on these

parts are easier to remove by brushing, compared with those formed on brackets,

adhesives, and ligating devices. Biofilms on the arch wires ligated in the bracket

slot may however, compromise the efficiency of the sliding mechanics29.

Retainers. Removable orthodontic retainers may attract oral biofilm and

present new retention sites, similar to removable acrylic plates, favoring bacterial

adhesion and growth30. Biofilms have been observed on acrylic base-plates after

one week of wear31, harvesting different strains of streptococci and candida30.

Fixed retainers are in direct contact with the enamel surface and cannot be

removed for extensive cleaning like removable ones. Therefore they are generally

considered to yield increased biofilm formation with negative consequences with

respect to gingival inflammation32. No differences were found in the clinical indices

between fixed retainers made of multistrand wire or single-strand wire, but more

biofilm was isolated from the multistrand wire33. Retainers made of multistrands
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have niches where biofilms can be easily formed to provide shelter to adhering

bacteria against environmental attacks, in contrast to retainers made of a single

strand (Fig. 4).

Figure 4. Scanning electron micrograph of a multistrand wire used for fixed retainers.
Biofilm formation in the niches between the wires is clearly visible.

Other Factors. Banding induced more orthodontic biofilm formation, gingival

inflammation and white spot lesions than bonding34. Most biofilm was located at the

gingival margin, with more band surface being covered by biofilm at the supra-

gingival area than at the sub-gingival one35. Coil springs had the lowest affinity for

S. sobrinus, followed by intra-oral elastics and elastic modules36. External factors

such as smoking, have been shown to increase bacterial adhesion and biofilm

formation by S. mutans and Candida albicans on orthodontic materials37.
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Consequences of orthodontic biofilms

Enamel demineralization

Enamel demineralization surrounding brackets is the most common side-effect of

orthodontic treatment, affecting around 50% of all patients4. The severity of

demineralization can range from white spot lesions to cavitations upon bracket

removal, which can occur on both vestibular and lingual surfaces, with the most

affected sites being the bracket-adhesive-enamel junction and the most affected

teeth being the first molars, upper lateral incisors, and lower canines4,17,18. White

spot lesions (Fig. 5) can develop rapidly in susceptible individuals within the first

month of treatment, and can remain visible many years after debonding, or in

severe cases appear as a permanent enamel scar4.

Figure 5. White spot lesions, cavities and gingival inflammation caused by orthodontic
biofilms, after removal of fixed orthodontic appliances.
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Soft tissue inflammation

Almost all orthodontic patients experience some degree of soft tissue inflammation

(see also Fig. 5). Gingivitis during orthodontic treatment is often temporary and

rarely progresses to periodontitis, however, biofilms on the retention sites increase

the possibility of the development of periodontitis.

Biofilm formation on temporary anchorage devices (Fig. 6), such as mini-

screws, micro-implants, or mini-plates, especially on the trans-gingival parts of the

devices, can cause inflammation of the surrounding soft tissues similar to peri-

implantitis. These inflammations are associated with a 30% increase in the failure

rate of temporary anchorage devices38. In addition, biofilms on the head of a

temporary anchorage device may infect the adjacent contacting buccal mucosa

resulting in aphthous ulceration which is not a direct risk factor for the stability of

temporary anchorage devices, but might forewarn of a greater soft tissue

inflammation39.

Figure 6. Biofilms on and around temporary anchorage devices causing soft tissue
inflammation. (A): Gingival inflammation around a temporary anchorage device (see arrow).
(B) and (C): Scanning electron micrographs of biofilm formed on a temporary anchorage
device at low (B) and high magnification (C).
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Other consequences of orthodontic biofilms

Bacteremia related to orthodontics, caused by trauma during the placement or

removal of fixed appliances, is usually transient and occurs with an incidence of up

to 10% during fixed orthodontic treatment40 and about 30% at removal of bonded

maxillary expansion appliances41.

The orthodontic biofilms may also affect the appliance itself and cause pitting

and crevice corrosion of metallic biomaterials42, or affect the mechanical properties,

surface roughness or topographies of composite adhesives43. The increase in

roughness of the appliance materials due to biofilm is especially troublesome,

since a rougher surfaces promote biofilm formation14, providing a protective niche

against environmental challenges. Hence a vicious cycle develops in which biofilm

formation amplifies itself.

Treatment and prevention of orthodontic biofilms

Treatment of enamel demineralization

White Spot Lesions. Enamel remineralization of white spot lesions can be achieved

passively by human saliva or actively by fluoride or calcium-phosphate-based

remineralization delivery systems44. Whether complete remineralization occurs or

not is related to the type or severity of the white spot lesion4. Fast developing

lesions (soft lesions), most often enamel surface defects, may almost completely

remineralize within a few weeks after the removal of cariogenic challenges. Lesions

that developed gradually during orthodontic treatment usually remineralize

extremely slow. It is therefore recommended that orthodontists wait for at least 2

months to allow a lesion to remineralize spontaneously by saliva before taking

other measures. When spontaneous remineralization by saliva is insufficient,

topical fluoride agents as e.g. in toothpastes, mouthrinses or gels, or calcium-

phosphate-based remineralization delivery systems, e.g. casein phosphopeptide-
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stabilized amorphous calcium phosphate complexes or casein phosphopeptide-

stabilized amorphous calcium fluoride phosphate complexes44, may be applied to

accelerate remineralization. Even after active remineralization procedures, severe

lesions may persist.

Micro-abrasion. An effective treatment approach for the cosmetic improvement

of persistent or stabilized lesions is micro-abrasion45. Similar as remineralization,

minor micro-abrasion may also take place spontaneously leading to a gradual

regression of the white spot lesion. Although micro-abrasion may remove a very

thin layer of surface enamel, it is still appropriate to employ this technique prior to

initiating more aggressive procedures.

Cavitation. More extensive lesions that can not be restored by remineralization

or micro-abrasion may be referred to cosmetic dentistry for resin bonding, Class V

restorations, labial veneers, or crowns.

Treatment of soft tissue inflammation

The symptomatic treatments for gingivitis or peri-implantitis in orthodontics include

local cleaning, application of antimicrobial containing products, such as

chlorhexidine, cetylpyridinium chloride or triclosan preferably followed by brushing

with a fluoridated toothpaste39. Dental professionals remove biofilms and calculus

using root debridement, sometimes coupled with the administration of adjunctive

antimicrobial drug therapy46. If gingivitis develops into periodontitis, which happens

in rare occasions, the treatment should be done by a periodontist.

Prevention of orthodontic biofilms

Mechanical Removal. Effective manual or powered brushing and the use of

interdental brushes is still by far the most important measure for oral hygiene

control in orthodontic patients3,47. Manual toothbrushes with a special head design

for orthodontics, such as staged, v-shaped, or triple-headed, are more efficient
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than brushes with a conventional planar bristle field48. Powered toothbrushes for

removing orthodontic biofilms are difficult to compare because of the diversity of

frequencies or types of vibration, areas or types of bristle, and criteria or methods

for assessment3,49. The auxiliary interdental brush is helpful in removing biofilm

formation behind the wire during orthodontic treatment47. Despite the fact that new

designs of general toothbrushes came on the market, longer brushing time and

proper brushing techniques are still necessary for good oral hygiene in orthodontic

patients.

Chemical Biofilm Control. A variety of chemical biofilm control measures

including incorporation of antimicrobials in toothpastes, mouthrinses, varnishes and

adhesives are currently used by the dental profession, including orthodontists (see

Table 1). Chlorhexidine however, still remains the most effective antimicrobial in

reducing biofilm-induced iatrogenic side effects in orthodontic patients50,51 and S.

mutans levels52. Unfortunately, long-term use of chlorhexidine is known to stain

teeth and tongue and affect taste sensation. The benefits of fluoride containing

toothpastes and mouthrinses in preventing caries have been well established53;

and besides aiding enamel remineralization, fluoride acts as a buffer to neutralize

acids produced by bacteria and suppresses their growth14. Stannous fluoride

provides dual benefits with respect to caries and biofilm prevention by stannous

ions54. The combination of an aminefluoride/stannous fluoride containing

toothpaste or mouthrinse showed greater inhibition of biofilms, less white spot

lesions and gingivitis during orthodontic treatment than sodium fluoride containing

products55. Laser irradiation in addition to fluoride treatment has been suggested to

prevent the formation of white spot lesions both in vitro and in vivo56,57.

Modification of Orthodontic Materials. Modification of orthodontic materials is

either aimed at reducing the consequences of orthodontic biofilms or at preventing

biofilm formation (see Table 1), and includes incorporation of chemicals in the

adhesive or coating of bracket and wire materials.
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Table 1. Antimicrobial products and their active ingredients, as used by profession in
orthodontics and antimicrobial products suggested by current research papers but not yet
used by the profession.

Products Active ingredient Used by profession Reference

Fluoride Yes 53,55,58-60

Stannous fluoride Yes 55Toothpaste

Triclosan Yes 61,62

Fluoride Yes 55

Chlorhexidine Yes 50,52

Chlorhexidine digluconate Yes 63

Cetylpyridinium chloride Yes 64

Octenidine dihydrochloride Yes 65

Listerine Yes 66

Mouthrinse

Amine-fluoride-triclosan No 63

Fluoride Yes 67

Varnish
Chlorhexidine-thymol Yes 68

Fluoride Yes 69-74

Chlorhexidine Yes 62,75

Quaternary ammonium compound No 62,76

ZnO No 77

Cetylpyridinium chloride No 78

12-methacryloyloxydodecyl
pyridinium bromide

No 79,80

Casein phosphopeptide-amorphous
calcium phosphate

No 81

Adhesive

Silica nanofillers and silver
nanoparticles

No 82

Titanium tetrafluoride No 83

Polytetrafluoroethylene No 84Bracket

Fluoride No 85

Photocatalytic TiO2 No 86

Wire
CaF2 No 87
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Fluoride has been incorporated into various orthodontic adhesives69,73 to yield

a slow release system with direct, beneficial clinical effects on enamel de- and

remineralization. Other fluoride applications, which have not yet found their way to

extensive clinical use, include coating of brackets and wires e.g. titanium

tetrafluoride83 or calicium fluoride87, demonstrating sustained release of fluoride

and associated reductions in lesion depths and total mineral loss around the

bracket-adhesive-enamel junction. Fluoride-containing elastomeric rings have also

been demonstrated to release significant amounts of fluoride with a concurrent

clinical reduction in the degree of decalcification around the brackets88, although

the number of S. mutans or anaerobic bacterial growth in saliva or biofilms

surrounding the brackets remained the same89,90.

Incorporation of antimicrobial agents in adhesives is more directly aimed at

biofilm prevention. Antimicrobial release kinetics depends on the solubility of the

antimicrobial in water, while the build-up of sufficiently high concentrations

preventing microbial growth in saliva may be impossible due wash-out in vivo. The

solubility of chlorhexidine and triclosan in water for instance, is low and their

release from adhesives may be less than required to reach a minimal inhibitory

concentration preventing microbial growth62. However, the validity of this statement

greatly depends on the volume considered into which the antimicrobials are

released and it can be argued that when released into biofilm formed at the

enamel-adhesive junction it may yield locally high concentrations effective in

preventing growth or killing colonizing bacteria91. The release of cetylpyridinium

chloride in water from adhesives showed a burst release during the first two weeks,

followed by a much lower tail-release78, and in vitro caused an inhibition zone on

agar inoculated with bacteria. Other antimicrobials as e.g. benzalkonium chloride62

are only effective for two weeks after an initial burst release. Silver nanoparticles

and quaternary ammonium polyethylenimine nanoparticles mixed into adhesives

with an antibacterial activity upon contact are preferred since they are long-

lasting76,82, but the safety of nanoparticles for human use is still a matter of
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controversy92. Considering the duration of orthodontic treatment, more permanent

non-adhesive or antimicrobial coatings are preferable. However, low surface free

energy polytetrafluoroethylene coatings on brackets84 or photocatalytic TiO2 on

wires86 have not yet been developed into a stage of clinical application. A strategy

that has not yet found its way into orthodontic materials but that could make them

almost fully non-adhesive might be based on polymer brush-coatings. Polymer

brush coatings have been shown to yield several log-units of reduction in microbial

adhesion numbers, and therewith may leave an influence also after growth93, unlike

common biomaterial coatings only showing reductions by a factor of utmost 3-4.

Especially under dynamic shear conditions, as in the oral cavity, weakly adhering

biofilms on polymer brush coatings can be expected to detach easily, leaving the

impression of a totally non-adhesive coating.

Summary and conclusions

Orthodontic appliances severely hamper biofilm control in the oral cavity, but once

treatment has successfully ended, it creates a better condition for oral cleaning and

strongly aids oral health by a properly aligned dentition. The negative side-effects

of orthodontic treatment as related to biofilms, such as white spot lesions and

gingivitis, compromise the facial esthetics aimed for by the treatment after an often

lengthy and costly course of orthodontic treatment. In severe cases, orthodontic

appliances have to be removed before the treatment goal has been reached. Most

orthodontists are aware of these problems, but yet effective preventive programs

are lacking. To date, less than 3% of all papers in the orthodontic field could be

found in the Pubmed database dealing with topics as: biofilm, plaque,

decalcification, demineralization, white spot lesion, gingivitis, or gingival

inflammation. Considering the prevalence and seriousness of the consequences of

orthodontic biofilms, more attention from orthodontic societies is needed, both in

terms of research as well as patient education about the potential side-effects of
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orthodontic treatment. A combination of proper oral hygiene instruction, preventive

measures, early diagnosis, and timely treatment would contribute greatly to the

management of orthodontic biofilms. Moreover, new orthodontic materials should

be developed attracting less biofilm and with appropriate anti-bacterial properties.

Aim of this thesis

The aim of this thesis is to investigate the adhesion forces of different oral bacterial

strains to orthodontic materials with and without a salivary conditioning film. After

having identified the adhesive as the site of strongest adhesion forces, adjacent in

addition to the vulnerable enamel surface, an antimicrobially modified adhesive

based on incorporation of a quaternary ammonium compound into the adhesive is

designed and evaluated in vitro.
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Abstract

Bacterial adhesion to biomaterial surfaces constituting the bracket-adhesive-

enamel junction represents a growing problem in orthodontics, because bacteria

can adversely affect treatment by causing demineralization of the enamel surface

around the brackets. It is important to know the forces with which bacteria adhere

to the surfaces of these junction materials, as the strength of these forces will

determine how easy it will be to remove the bacteria. We compared the adhesion

forces of five initially colonizing and four cariogenic strains of bacteria to an

orthodontic adhesive, stainless steel, and enamel, with and without a salivary

conditioning film. Adhesion forces were determined using atomic force microscopy

and a bacterial probe. In the absence of a salivary conditioning film, the strongest

bacterial adhesion forces occurred to the adhesive surface (-2.9 to -6.9 nN), while

adhesion forces to the enamel surfaces were lowest (-0.8 to -2.7 nN). In the

presence of a salivary conditioning film, adhesion forces were reduced strongly, to

less than 1 nN, and the differences between the various materials were reduced.

Generally, however, initial colonizers of dental hard surfaces presented stronger

adhesion forces to the different materials (-4.7 and -0.6 nN in the absence and

presence of a salivary conditioning film, respectively) than cariogenic strains (-1.8

and -0.5 nN).
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Introduction

In the last decades, orthodontic treatment has received increasing popularity in

juveniles and adults alike. A variety of materials has been introduced into the

orthodontic practice in order to improve clinical efficiency of the treatment and

patient comfort. Stainless steel and light-cured composite resin are the most

frequently used materials for brackets and adhesives in orthodontics1-3. Despite

recent advances in the development of orthodontic materials, the prevalence of

enamel demineralization at the bracket-adhesive-enamel junction has not

decreased4-7 and orthodontic materials still create a favorable substratum for

biofilm formation8. The formation of biofilms exacerbates pre-existing periodontal

diseases, and causes enamel decalcification, affecting about 50% of all patients

undergoing orthodontic treatment9-11.

Initial bacterial adhesion to the bracket-adhesive-enamel junction is a crucial

step in orthodontic-induced enamel decalcification12. Subsequent growth of initially

adhering bacteria incompletely removed by tooth brushing, eventually leads to a

pathogenic oral biofilm. Organic acids produced by adhering bacteria result in

enamel demineralization and compromise orthodontic treatment outcome. A

number of previous studies have investigated bacterial adhesion and biofilm

formation in orthodontics2-4,8,13-18. However, these studies mainly focused on

quantitative and qualitative assessment of biofilm accumulation on orthodontic

appliances. Till date, the direct adhesion forces of oral bacteria to the different

materials constituting the bracket-adhesive-enamel junction are poorly understood.

In order to prevent and control biofilm accumulation during orthodontic

treatment, it is essential to understand the mechanisms of oral bacterial adhesion

to orthodontic biomaterial surfaces. Therefore, the present study was aimed to

investigate the adhesion forces of both initial colonizers (Streptococcus mitis,

Streptococcus sanguinis, Streptococcus oralis and Actinomyces naeslundii)19 and

cariogenic bacterial strains (Streptococcus sobrinus, Streptococcus mutans and



Lactobacillus acidophilus)20,21 to orthodontic materials, including enamel using

atomic force microscopy (AFM), a powerful tool to measure microbial adhesion

forces with substratum surfaces22. In addition, the hydrophobicities of the

orthodontic materials constituting bracket-adhesive-enamel junction were

determined from water contact angle measurements. Orthodontic materials and

enamel were used with and without an adsorbed salivary conditioning film.

Materials and Methods

Orthodontic materials

Transbond ™ XT, used for bonding brackets to enamel surfaces, is a light-cured

adhesive (3M Unitek, California, USA). The adhesive was made into 1 cm diameter

disks with a thickness of 1 mm. Adhesive discs were cured following the

manufacturers’ instructions and light activated with a halogen lamp (Optilux 501

Curing Light, Danbury, CT 06810-4153, USA) for 20 s. For maximal flatness of the

adhesive surface and convenience of removal after setting, the adhesive was

shaped between two glass plates, covered with copier overhead films (MC 110,

Oce´, The Netherlands). No additional surface polishing procedure was carried out.

Stainless steel 316 (Stryker Corp, Kiel, Germany), used for orthodontic

brackets, was machined into 1 cm diameter discs. Subsequently, surfaces were

polished with a diamond polishing paste of decreasing particle size from 14 to 0.05

 m. After polishing, stainless steel samples were cleaned by demineralized water

and ultrasonication.

Enamel slabs were cut from labial surfaces of bovine incisors. First, an incisor

was grind under running tap water with 220 to 1200 grit sandpapers into 0.6 x 0.6

cm2 samples, with a thickness of 2 mm. Subsequently, the enamel surfaces were

micropolished on a polishing pad with wet, 0.05  m alumina particles (Buehler Ltd.,

USA) for 3 min. Polished enamel discs were cleaned by 2 min ultrasonication in 35
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kHz ultrasonic bath (Transsonic TP 690-A, Elma, Germany), and thoroughly rinsed

with demineralized water.

Oral bacterial strains and growth conditions

Nine different bacterial strains, listed in Table 1 were used in this study. Strains

numbered 1 to 5 are initial colonizers of dental hard surfaces19; strains numbered 6

to 9 are considered cariogenic20,21. For each experiment, bacteria were first grown

from a frozen stock on blood agar plates by incubation during 24 h at 37°C in

ambient air. Then, a fresh colony was inoculated into 10 mL of the appropriate

growth medium, as also listed in Table 1, at 37°C for 24 h. Subsequently, bacteria

were inoculated into 200 mL growth medium at 37°C for 16 h. Bacteria were

harvested by centrifugation (5 min, 5000 g, 10°C), washed twice with

demineralized water, and re-suspended in demineralized water. Finally, the

bacterial suspensions were intermittently sonicated to break the chains or

aggregates in an ice/water bath for 3 x 10 s at 30 W.

Saliva collection and preparation

Human whole-saliva from 20 healthy volunteers of both sexes was collected into

ice-chilled Erlenmeyer flasks after stimulation induced by chewing Parafilm®

(Pechiney, Plastic Packaging, Menasha, USA) , as described previously23. After the

saliva was pooled and centrifuged two times (10,000 g, 15 min, 4°C),

phenylmethylsulfonyl fluoride was added to a Þnal 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 for 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 (50 mM

potassium chloride, 2 mM potassium phosphate, 1 mM calcium chloride, pH 6.8) at
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a concentration of 1.5 g/L. The experimental discs, made out of the orthodontic

materials studied, including enamel, were immersed into the reconstituted saliva for

16 h to create a salivary conditioning Þlm. After 16 h, all saliva-conditioning Þlm-

coated materials were dipped three times in demineralized water and used

immediately in the experiments.

AFM adhesion force and surface roughness measurements

A tipless cantilever, model no. CSC12/tipless/no AI (Ultrasharp, µ-Masch, Estonia),

was immersed in a drop of 0.01% (w/v) sterile filtered poly-L-lysine (Sigma-Aldrich,

UK) solution for 1 min with a micromanipulator (Leica, Wetzlar, Germany).

Subsequently, the cantilever was dried in air for 2 min. Then, cantilevers were

immersed into a drop of a bacterial suspension for 1 min to immobilize bacteria

onto the cantilever24, to form a bacterial probe. All procedures were viewed under

an optical microscope. All AFM cantilevers with immobilized bacteria were used for

experiments immediately after preparation.

Adhesion force measurements were performed at the room temperature in

adhesion buffer (pH 6.8) using a Dimension 3100 system (Nanoscope IIIA Digital

Instrument, Woodbury, NY) in the contact mode. Force measurements were

initiated by engaging the AFM bacterial probe with the substratum surface at a

scan rate of 0.5 Hz and ramp size 1.5 µm. The loading force was applied by setting

the trigger mode to relative, i.e. a trigger threshold of 1 V. Ten force measurements

were made at each site; three locations were selected for the force measurement

on each material surface. Cantilever deflection data were converted to force values

(nN) by multiplying with the cantilevers spring constant according to Hooke’s law:

F = Ksp*D (1)

in which Ksp is the cantilever spring constant; D is the cantilever deflection. For

each experiment, the cantilever spring constant was determined using the thermal

method25.
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In addition, the AFM was used to determine the surface roughness of the

orthodontic materials, including enamel, with and without a salivary conditioning

film. This was done in the contact mode with a silicon nitride cantilever tip (DNP,

Veeco, Woodbury, NY). Five samples of each material were measured. Each

sample was imaged at three randomly selected sites and surface plots were made

to provide a three-dimensional perspective of the surface, from which the mean

surface roughness (Ra) was calculated. Ra represents the average distance from

the roughness profile to the center plane of the profile.

Water contact angles

Water contact angles were measured on all materials at 25°C using the sessile

drop technique in combination with a home-made contour monitor. The monitor

registers the contour of a water droplet based on grey-value threshold. Contact

angles are calculated from the height and base width of the droplet. For water

contact angle measurements on saliva-coated materials, samples were first air-

dried to a so-called plateau level until the contact angles became constant in time.

For biological surface, like protein-coated surface, it was assumed to correspond to

removal of all free water and to represent physiologically relevant contact angle26.

Statistics

Contact angles and surface roughnesses were normally distributed (Shapiro-Wilk

test, P > 0.05) and therefore are presented as mean ± SD; between-group

comparisons were performed using ANOVA. Adhesion forces, which are not

normally distributed (Shapiro-Wilk test, P < 0.01), are presented as median and

interquartile range; and compared using non-parametric analyses (Kruskal-Wallis

test), followed by Dunn's multiple-comparison post hoc analysis, when overall

differences were signiÞcant. Differences were considered signiÞcant when the P-

value was < 0.05.
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Results

Physicochemical characteristics of the orthodontic materials with and
without saliva-coating

Water contact angles ( w) on the different materials in the absence of a salivary

conditioning film varied between 30 ± 1 degrees for enamel to 71 ± 1 degrees for

the adhesive (Table 2). The  w of three materials are in line with data published
27,28. For stainless steel the values are in between the ones reported for as

received and chemically cleaned 316L stainless steel. Note that stainless steel

aggressively cleaned by plasma treatment is much more hydrophilic29. However,

such cleaning conditions were not employed because they are clinically unrealistic.

The  w changed significantly upon saliva-coating (P < 0.01), yielding non-signiÞcant

difference of 23 ± 2 degrees for stainless steel and 26 ± 1 degrees for enamel.

A comparison of the surface roughness (Ra) showed that the adhesive had the

highest Ra (Table 2), followed by enamel and stainless steel. The Ra of the

adhesive was 28.5 ± 2.9 nm in the absence of a salivary conditioning Þlm. All rough

features of the adhesive surface disappeared upon saliva coating, which

signiÞcantly decreased the Ra of adhesive and enamel surfaces to 11.8 and 5.1

nm, respectively and increased the Ra of stainless steel to 6.1 nm (P < 0.01).

Table 2. Water contact angles ( w) and surface roughnesses (Ra) of orthodontic adhesive,
stainless steel, and enamel with and without salivary conditioning Þlm 1).

* Indicates signiÞcant difference (P < 0.01) between uncoated and saliva-coated materials. 1)

All data represent mean ± standard deviation from Þve samples. 2) The superscript A, M, and
E denote that data for these materials are signiÞcantly (P < 0.01) different from those of
adhesive (A), stainless steel (S), or enamel (E).

 w (degrees) 2), * Ra (nm) 2), *

No saliva With saliva No saliva With saliva
Adhesive 71 ± 1 S, E 25 ± 3 * 28.5 ± 2.9 S, E 11.8 ± 1.5 *, S, E

Stainless steel 68 ± 1 A, E 23 ± 2 * 2.7 ± 0.3 A, E 6.1 ± 0.9 *, A

Enamel 30 ± 1 S, A 26 ± 1 * 7.0 ± 0.3 S, A 5.1 ± 1.1 *, A
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Force-distance curves and adhesion forces using bacterial probes

Fig. 1 shows examples of force-distance curves between a bacterial probe (S. mitis

BMS) upon approach and retract from the three materials studied, in the absence

and presence of a salivary conditioning film. Differences between the three

materials and effects of the saliva coating become clear upon retract. Adhesion

forces are strongest for the adhesive and weakest for enamel in the absence of a

salivary coating, while upon saliva coating of the materials these differences

disappear and the adhesion forces become weaker.

Figure 1. Example of force-distance curves between Streptococcus mitis BMS with different
materials constituting bracket-adhesive-enamel junction, in the absence (panel A) and
presence (panel B) of a salivary conditioning film.

Fig. 2 summarizes the distribution of the adhesion forces between S. oralis J22

and the different biomaterial surfaces in the absence and presence of a salivary

conditioning Þlm, and clearly indicates a non-parametric, skewed distribution. All

other strains displayed such skew distributions. Therefore, median values for the

adhesion forces and their interquartile ranges were summarized for all strains and

materials and are presented in Fig. 3. It is unknown whether the non-parametric

distribution of the adhesion forces is caused by an inherent heterogeneity on the

surface of a single cell30, or whether it represents population heterogeneity.
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Adhesion forces of bacteria on material surfaces without a salivary conditioning Þlm

were almost 10-fold higher than in the presence of a conditioning Þlm (P < 0.01),

except for S. mutans NS and L. acidophilus JP on enamel. In the absence of a

salivary conditioning Þlm (Fig. 3A), the adhesive surface exerted the strongest

adhesion forces, followed by stainless steel and enamel surfaces in all nine

bacterial strains (P < 0.05). In the presence of a salivary coating, differences

between the adhesion forces exerted by the three materials became smaller;

although signiÞcant strain-speciÞc differences were still present (Fig. 3B).

Figure 2. Example of skew distributions of adhesion forces between Streptococcus oralis J22
and the different materials in the absence (A, B, C) and presence (D, E, F) of a salivary
conditioning film. (A, D) adhesive, (B, E) stainless steel, (C, F) enamel. Note the scales of X-
axes in (A, B, C) are 10 times larger than in (D, E, F).
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Figure 3. Adhesion forces between different bacteria and different materials in the absence
(A) and presence (B) of a salivary conditioning film. *, # indicate significant differences at
P<0.01 and P<0.05 with the other two materials for the same strain unless indicate
differently. Note the scale of Y-axis in (A) is 10-time larger than (B).

Adhesion forces of initial colonizers and cariogenic bacteria

Adhesion forces of the initial colonizers (strains 1-5, Table 1) and the cariogenic

bacteria (strains 6-9) were pooled for each bacterial group and all materials,

yielding the skewed distributions (Shapiro-Wilk test, P < 0.01) presented in Fig. 4.

In the absence of a salivary conditioning film, the initial colonizers had significantly

stronger (P < 0.01) adhesion forces (-4.7 nN) than cariogenic bacteria (-1.8 nN). A

similar statistical significant difference (P < 0.01) existed in the presence of a

salivary conditioning film, although the difference between initial colonizers (-0.6

nN) and cariogenic strains (-0.5 nN) had become much smaller (Table 3).
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Table 3. Adhesion forces (nN) between initial colonizers and cariogenic bacteria with the
surfaces involved in the bracket-adhesive-enamel junction †.

* indicates significant difference (P < 0.01) between uncoated and saliva-coated materials. **
indicates significant difference between initial and cariogenic strains. † All data represent
median and interquartile range (within parenthesis) over 90 force-distance curves, taken with
nine bacterial probes and nine samples. ‡ A+S+E indicates the pooled data for the adhesive,
stainless steel, and enamel. § The superscript letters A, S, and E denote that data for these
materials are significantly different from adhesive (A), stainless steel (S), and enamel (E).

Initial colonizers *,**,§ Cariogenic strains *,**,§

Adhesive -6.9 (5.5) S,E,** -2.9 (2.9) S,E

Stainless steel -5.2 (5.3) A,E, ** -1.8 (1.5) A,E

Enamel -2.7 (3.3) S,A,** -0.8 (1.1) S,A

No
salivary
coating

A + S +E ‡ -4.7 (5.2) ** -1.8 (2.1)
Adhesive -0.5 (0.3) *,** -0.4 (0.3) *,E

Stainless steel -0.5 (0.3) * -0.5 (0.2) *,E

Enamel -0.7 (0.5) S,A,*,** -0.6 (0.5) *,S,A

With
salivary
coating

A + S + E ‡ -0.6 (0.4) *,** -0.5 (0.3) *

Figure 4. Skew distribution of adhesion forces of initial colonizers (A, C) and cariogenic
bacteria (B, D) as obtained by averaging the results over all materials included in the study,
but split for the absence (A, B) or presence (C, D) of a salivary conditioning film. Note the
scales of X-axis in panels A, and B are 10 times larger than in panels C, and D.



Discussion

The development of orthodontic biomaterials that attract less bioÞlm has been a

goal for decades, but is hampered by a lack of knowledge of the fundamental

aspects of bacterial adhesion to the different materials constituting the bracket-

adhesive-enamel junction. The present study, for the first time, directly measured

the adhesion forces of different oral bacterial strains to the different materials

making up the bracket-adhesive-enamel junction. In the absence of a salivary

conditioning film, the strongest bacterial adhesion forces were measured to the

adhesive surface, while adhesion to stainless steel was slightly weaker. Bacterial

adhesion forces were lowest to enamel surfaces in the absence of a salivary

conditioning film. In the presence of a salivary conditioning film, adhesion forces

were strongly reduced, and the differences between the various materials became

small, despite their statistical significance. However, in general, strains considered

to be initial colonizers of dental hard surfaces yielded stronger adhesion forces to

the different materials than more cariogenic strains, both in the absence and

presence of a salivary conditioning film.

The observation that the presence of a salivary conditioning film reduced the

oral bacterial adhesion forces with the underlying surfaces with respect to adhesion

forces with a bare surface, is in line with the protective function generally ascribed

to salivary conditioning films20,31-34, and is despite the fact that initial colonizers

continue to have the ability to adhere to salivary conditioning films. Pratt-Terpstra

et al.35 compared oral bacterial adhesion to substrata with different surface free-

energies and also noticed that the presence of a salivary conditioning film strongly

reduced the numbers of adhering bacteria, probably as a corollary of the reduced

adhesion forces in the presence of a salivary conditioning film measured in the

current study. Moreover, the differences between the numbers of bacteria adhering

for different strains became smaller in the presence of a salivary conditioning film,
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in line with the convergence in adhesion forces among different strains found in this

study after formation of the salivary conditioning film.

The influence of the different surface chemistries of the bare materials on

bacterial adhesion forces not only becomes evident from the different adhesion

forces found on stainless steel, adhesive and enamel, but also from the impact that

the formation of salivary conditioning film has on the bacterial adhesion forces. In a

clinical situation, it is generally accepted that bacteria never adhere in the absence

of a salivary conditioning film. Along the same lines, although it is known that

brushing does not fully remove the salivary conditioning film36,37, it is unknown to

what extent the conditioning film becomes thinner and whether regions more or

less devoid of conditioning films arise locally with an influence on bacterial

adhesion forces. Moreover, the composition of salivary conditioning films is also

affected by the chemistry of the underlying surface with an impact on the bacterial

adhesion forces. In the current study, for instance, this can be inferred from the fact

that the adhesion forces on enamel, stainless steel, and adhesive surfaces are

slightly different despite their salivary coating. It is noticeable that, depending on

the strains involved, the AFM loading force, and thus the contact area created

between the bacterial cell and substratum surfaces, highly specific interactions may

occur between oral bacteria and a salivary conditioning film. S. mutans LT11 with

antigen I/II on its outer cell surface, for instance, showed interaction forces of -3.0

nN38 with a salivary coating identical to the ones used in this study, whereas the

strains in our current study had interaction forces limited to around -0.5 nN,

indicating the absence of specific interactions.

Apart from possessing different chemistries, the three materials involved in this

study also possessed different roughness and hydrophobicity (Table 2), and the

strongest adhesion force in the absence of a saliva conditioning film was found on

the roughest and most hydrophobic surface. In line with this, adhesion forces

became smaller upon coating the materials with a salivary film, creating a more

39



hydrophilic surface. Stronger adhesion forces may arise for more hydrophobic

surfaces, because water is more easily removed from the area between the cell

surface and a hydrophobic material than from the area between the cell surface

and a hydrophilic material, enabling a closer approach and thus stronger adhesion

forces. Similarly, it can be envisaged that a rougher surface will have more

extensive contact points with the cell surface, which will also contribute to stronger

adhesion forces.

Regardless of the absence or presence of a salivary conditioning film, initial

colonizers adhered with stronger adhesion forces than the more cariogenic strains

included in this study. In vivo, oral biofilm development follows a well-defined

spatio-temporal pattern39, in which later colonizers, like the more cariogenic strains

involved here, do not adhere directly to the substratum surface but to already

adherent initial colonizers. In order to ensure adhesion of such a multispecies

biofilm on oral surfaces, the initial colonizers must adhere more strongly to the

substratum than later colonizers which, judging from the results of this study, they

indeed do. It might appear surprising that differences in the sub-nN range, as

existing between the adhesion forces of the current collection of strains with a

salivary conditioning film, might be related to their classification as initial and later

colonizers in vivo. Indeed, we do not fully understand the relevance of these minor

adhesion force differences. However, it has been suggested, based on force

differences observed in a collection of Staphylococcus aureus strains40, that a

microorganisms ‘‘force taxonomy’’ may provide a fundamental and practical

indicator of the pathogen-related risk that infections pose to patients. Invasive

strains distinguished themselves from control strains by a sub-nN force difference

that was only 0.28 nN higher than found in the control strains.

In conclusion, initial colonizers of dental hard surfaces generally presented

stronger adhesion forces than more cariogenic strains, appearing later in the

process of oral biofilm formation, regardless of the absence or presence of a

salivary conditioning film or the material involved. Bacteria adhered more strongly
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to adhesive and stainless steel surfaces than to enamel surface in the absence of

a salivary conditioning film. These differences in bacterial adhesion forces to the

biomaterials making up the bracket-adhesive-enamel junction in orthodontic

treatment became smaller after the salivary conditioning film was formed, while

bacterial adhesion forces measured on adhesive and stainless steel were slightly

smaller than on enamel. These types of measurements have not yet been

described in the literature and may provide a framework for understanding the

adhesive events leading to oral biofilm formation and its prevention. The results,

however, clearly demonstrate that preventive measures based on material surface

modification will be hampered by the formation of a salivary conditioning film, which

makes the difference between the materials surface properties smaller and

therewith the adhesion forces with oral bacteria.
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This chapter has been published in: Mei L, Ren Y, Busscher HJ, Chen Y, Van der

Mei HC. Journal of Dental Research 2009, 88: 841-845. Reprinted with permission
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Abstract

The forces responsible for bond-strengthening in initial oral bacterial adhesion are

unknown. Since Lifshitz-Van der Waals forces and electrostatic forces work

instantaneously upon approach, it is hypothesized that bond-strengthening is

governed by hydrogen bonding. Poisson analysis of adhesion forces observed

during the retraction of bacterial probes from surfaces in atomic force microscopy

can be used to analyze the nature of the adhesion forces. Streptococcal adhesion

forces increased from about -0.7 to -10.3 nN when the contact time between cell

surfaces and salivary films on enamel was increased from 0 to 120 sec. Initial and

final adhesion forces were stronger for initial colonizers of tooth surfaces (S. mitis,

S. sanguinis) than for later, more cariogenic, strains (S. sobrinus, S. mutans).

Retraction curves after increased contact times showed minor peaks,

representative of hydrogen bonds, and Poisson analyses indicated repulsive non-

specific forces of around +0.3 nN and slightly more attractive hydrogen-bonding

forces (-1.0 nN) for initial than for late colonizers (-0.8 nN).
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Introduction

Dental caries remains one of the most prevalent diseases throughout the world.

Caries is a multi-factorial disease, which can be initiated by dental biofilm. The first

event in dental biofilm formation is adhesion of oral bacteria to tooth surfaces1-3.

Initial bacterial adhesion of both early and later colonizers is initially reversible, but

over time, adhesion becomes more irreversible. Bond-strengthening in oral

bacterial adhesion has been implicated for bacterial interaction with saliva-coated

glass4, but the nature of the forces responsible for oral bacterial bond-

strengthening with salivary coatings has not yet been determined.

Bacterial adhesion forces with substratum surfaces can be measured by atomic

force microscopy (AFM)5, and generally include long-range, attractive Lifshitz-Van

der Waals and electrostatic forces as well as short-range hydrogen bonding6.

Lifshitz-Van der Waals and electrostatic forces are non-specific and operate

instantaneously upon approach of the interacting surfaces. Hydrogen bonding, in

contrast, requires stereo-chemistry between the interacting molecular groups and

removal of interfacial water. The adhesion forces measured from the AFM

retraction force-distance curves are characterized by a main force at close

approach and a finite number of minor forces at random distances farther from the

surface, obeying a Poisson distribution7. Since the minor force peaks develop only

after prolonged contact between a bacterial cell surface and a substratum surface,

we hypothesize that the formation of these minor peaks causes bacterial adhesion

to become irreversible. The nature of the adhesion force can be decoupled into a

so-called non-specific component and hydrogen-bonding forces by Poisson

analysis of the force distribution8, as explained in more detail below.

The nature of the forces responsible for oral streptococcal bond-strengthening

on saliva-coated enamel has never been studied. Therefore, the aim of this study

was to determine the nature of the forces responsible for streptococcal bond-

strengthening to saliva-coated enamel by Poisson analysis of adhesion force

distributions, measured by AFM. Bond-strengthening was analyzed for four oral
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streptococcal strains, two of which are considered initial colonizers of tooth

surfaces, and two strains that are later colonizers and considered to be cariogenic.

Materials and Methods

Bacterial cultures

Four oral bacterial strains were included in this study, namely, two early colonizers,

i.e., Streptococcus mitis BMS and Streptococcus sanguinis ATCC10556; and two

later colonizers, i.e., Streptococcus sobrinus HG1025 and Streptococcus mutans

ATCC7006109,10. Streptococci were pre-cultured in Todd-Hewitt broth (Oxoid,

Basingstoke, UK) for 24 h and inoculated into a main culture for 16 hrs at 37°C in

ambient air. Bacteria were har-vested by centrifugation (5 min, 5000 g, 10°C), and

washed twice with demineralized water. Finally, bacteria were re-suspended in

demineralized water and sonicated intermittently to break bacterial aggregates in

an ice/water bath for 3 x 10 sec at 30 W.

Saliva-coated enamel preparation

Human whole saliva was collected and prepared as has been previously

described4 and reconstituted in adhesion buffer (2 mM potassium phosphate, 50

mM potassium chloride, and 1 mM calcium dichloride, pH 6.8) at a concentration of

1.5 mg/L. All volunteers gave their informed consent to saliva donation, in

agreement with the policies of the Ethics Committee at the University Medical

Center Groningen. Enamel slabs were cut from labial surfaces of bovine incisors.

An incisor was first ground with 220- to 1200-grit sandpaper, into 0.6 x 0.6 cm2

blocks with a thickness of 2 mm, and subsequently micro-polished on a polishing

pad with wet 0.05- m alumina particles (Buehler Ltd., Lake Bluff, IL, USA) for 3 min.

Finally, enamel surfaces were cleaned by 2 min of sonication in a 35-kHz ultrasonic

bath (Transsonic TP 690-A, Elma, Germany), and rinsed with demineralized water.
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Salivary conditioning films were created by immersing the enamel slabs into

the reconstituted saliva for 16 h at 20°C. All saliva-coated enamel slabs were

dipped 3 times in demineralized water after immersion and immediately used for

AFM measurements.

AFM measurements

Streptococci from suspension were immobilized on tipless AFM cantilevers

(Ultrasharp, µ-Masch, Estonia). Cantilevers were first immersed in a drop of 0.01%

(w/v) poly-L-lysine (Sigma, UK) for 1 min, dried for 2 min in air, and then dipped

into a drop of bacterial suspension for 1 min to allow for bacterial attachment. Each

thus-prepared bacterial AFM probe was used immediately for further measurement.

All AFM measurements were performed in a Dimension 3100 system

(Nanoscope III, NY, USA) in the contact mode at room temperature in adhesion

buffer, at a scan rate of 0.5 Hz, ramp size 1.5  m, and trigger threshold of 1 V.

Retraction of the bacterial probe from a saliva-coated enamel surface was done

after different surface delays (0-120 sec). We collected 45 force-distance curves,

measured with 9 bacterial probes prepared from 3 separate bacterial cultures, for

each surface delay on randomly selected sites on the saliva-coated enamel surface.

To check the integrity of the bacterial probe and the streptococcal cell surface,

as well as the absence of cell-surface contamination by salivary proteins, we

conducted two control experiments: (1) We took scanning electron micrographs

regularly to confirm the integrity of the bacterial probe after measurements. No

force-distance curves had to be discarded due to visual damage to the bacterial

probe. (2) Adhesion forces with 0 sec surface delay were measured at the onset of

each measurement cycle (from 0 to 120 sec surface delays) and again after

completion of a cycle. Whenever the maximum adhesion forces at t = 0 sec and

after the completion of a cycle of 120 s did not coincide within 1 nN, data from that

measurement cycle were discarded and a new bacterial probe prepared.
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Calculation of adhesion forces and Poisson analysis 

Adhesion forces were calculated after each surface delay time from the AFM 

deflection data by F = Ksp x D, in which Ksp is the spring constant and D is the 

deflection of the cantilever. The spring constant of each cantilever was determined 

experimentally using the thermal method for each experiment11.

The maximal adhesion force Fadh(t), in which t represents the surface delay 

time, were fitted using an exponential rise to maximum function:  

 
tFFFtF adhadhadh exp1)( 0,,0, (1) 

where Fadh,o and Fadh, are the maximum adhesion for after 0 s surface delay time 

and after bond-strengthening, and is the characteristic time needed for 

strengthening. The number of minor force peaks after each surface delay were 

enumerated (Fig. 1 A, C) and analyzed analogously to an exponential rise to 

maximum (Fig. 1 D), as described above. Since the adhesion forces obey a 

Poisson distribution, the adhesion force can be expressed as: 

 
!

)exp(
)(

n
F

FFP avn
av (2) 

with P(F) as the possibility that an event of adhesion force (F) will occur, Fav as the 

average of all adhesion forces, and n as the number of adhesion forces included.  

The total adhesion force is comprised of a main peak due to non-specific forces 

and with no variance attached and a variable number of minor peaks n, constituted 

by hydrogen bonds according to: 

 (3) specificNonbondH FnFF

where FH-bond and FNon-specific represent the contributions of hydrogen bonding and 

non-specific interaction forces (i.e. Lifshitz-Van der Waals and electrostatic forces) 

to the adhesion force respectively.  
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Figure 1. Example of bond-strengthening between S. sanguinis ATCC10556 and saliva-coated 
enamel. (A) AFM force-distance retract curves after different surface delay times. (B) 
Increase in maximum adhesion force as a function of surface delay time according to an 
exponential rise to maximum (R2 = 0.98). (C) Indication of minor adhesion peaks in the 
retract force-distance curve obtained after 120 s. (D) Increase in the number of minor 
adhesion peaks as a function of the surface delay. 
 

Based on Eqs. 2 and 3, the relationship between the force average ( F) and 

variance ( F
2) of all adhesion events can be presented as: 

 (4) specificNonbondHbondHFbondHFF FFFF 222

According to Eq. 4, a plot of the variance ( F
2) versus the force average ( F) yields 

a straight line. Linear regression of F
2 vs. F directly decouples the adhesion force 

into hydrogen bonding force, FH-bond, and non-specific adhesion force, FNon-specific.

A detailed example of the Poisson analysis of a force-distance curve is given in 

the Appendix.  
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Statistics

The number of peaks disrupted upon retraction N and the calculated surface delay

times  were normally distributed and are presented as mean ± SE. Comparisons

of N and  among different bacterial groups were performed with ANOVA.

Adhesion forces Fadh, however, were not normally distributed and are presented as

median ± SE and were compared by nonparametric analyses, i.e., a Kruskal-Wallis

test, followed by Dunn’s multiple-comparison post hoc analysis, when overall

differences were significant. Differences were considered significant when P < 0.05.

Results

Force-distance curves and bond-strengthening

An example of the bond-strengthening between S. sanguinis ATCC10556 and

saliva-coated enamel is given in the Fig. 1. AFM force-distance curves clearly

showed stronger adhesion force maxima when the surface delay time increased

(Fig. 1A), and this increase followed an exponential rise to maximum (Fig. 1B).

Concurrent with the increase in the adhesion force maximum at each surface delay

time was the development of multiple minor adhesion forces (Fig. 1C), the number

of which also obeyed an exponential rise to maximum over time (Fig. 1D).

Initial adhesion forces were significantly weaker in all streptococcal strains than

after bond-strengthening (Table 1), which occurred over a time scale of several

tens of seconds. Both initial as well as final adhesion forces were stronger for the

two initial colonizers, S. mitis and S. sanguinis, than for the later colonizers, S.

sobrinus and S. mutans. Also, the number of minor adhesion peaks increased

significantly over time, from around 2 to 5, which also occurred over a time scale of

several tens of seconds.
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1) ttractive forces are indicated as negative forces. Fadh were presented as

2) r of adhesion peaks in one force-distance curve. N and  were presented as mean
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Fig. and Table 1), each

representing an individual hydrogen bond with force FH-bond.

Table 1. The maximum adhesion forces and number of peaks for 0 s surface delay time
(Fadh,0 and N0) and after bond-strengthening (Fadh, and N ), together with the
characteristic time constants,  , associated with bond strengthening according to
paramet

by convention, a
median ± SE.
numbe

Decoupling of adhesion forces by Poisson analysis
Ad ion forces after bond-strengtheni e decoupled into a hydrogen-bonding

(FH-bond) a a non-specific force (FNon-specific) (Table 2). The hydrogen-bonding

forces FH-bond were e for all 4 streptococcal strains involved, while the

nonspecific forces FNon-specific were positive, indicating repulsion. Initial colonizers

adhered t liva-coated enamel through significantly stronger hydrogen-bonding

forces FH-bond than the later colonizing, cariogenic streptococci. There w o

significant differences among the strains in non-specific repulsive force FNon-specific.

Note that the force decoupling pertains only to the situation after bond-

strengthening (Table 2). The total contribution of the hydrogen-bonding force,

however, increased during bond-strengthening, as can be deduced from the

increase in the number of minor peaks over time ( 1C

F had (nN) Numb eakser of p
Bacteria

F , (nN) 1) F , (nN) 1) N 2) N 2) (s) 2)  (s) 2)
adh  adh 0 0  

S. mitis BMS -1.1 ± 0.5 -7.0 ± 1.1 24 ± 7 1.8 ± 0.3 3.8 ± 0.7 28 ± 17

S. sanguinis
ATCC10556 -1.5 ± 0.7 -10.3 ± 2.1 43 ± 16 2.5 ± 0.3 5.3 ± 0.7 18 ± 7

S. sobrinus
HG1025 -0.7 ± 0.1 -4.3 ± 0.2 51 ± 5 1.8 ± 0.3 4.0 ± 0.6 20 ± 9

S. mutans -0.8 ± 0.3 -6.0 ± 0.7 27 ± 6 2.2 ± 0.3 4.5 ± 0.8 33 ± 20ATCC700610
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Table 2. Hydrogen bonding (FH-bond) and non-specific forces (FNon-specific) of the four different
bacterial strains involved in this study with saliva-coated enamel obtained by Poisson
analysis of retract force-distance curves after 120 s surface delay. 1)

Bacterial strains FH-bond (nN) FNon-specific (nN)

S. mitis BMS -1.0 ± 0.2 0.3 ± 0.1

S. sanguinis ATCC10556 -1.1 ± 0.2 0.3 ± 0.1

S. sobrinus HG1025 -0.8 ± 0.1 0.3 ± 0.1

S. mutans ATCC700610 -0.8 ± 0.2 0.4 ± 0.1

1) Forces are presented as median ± SE.

Discussion

Streptococcal adhesion to saliva-coated enamel changes from initially reversible to

more irreversible through the progressive involvement over time of hydrogen-

bonding forces. This strengthening of streptococcal adhesion forces could be

demonstrated by AFM. Poisson analysis of the forces measured allowed for

identification of the forces responsible for bond strengthening as hydrogen-bonding

forces. Interestingly, initial colonizers of tooth surfaces in vivo interacted through

stronger individual hydrogen bonds with saliva-coated enamel than later, more

cariogenic colonizers. Furthermore, they interacted through a higher number of

hydrogen bonds. This resulted in an almost two-fold-stronger adhesion force after

bond-strengthening for initial colonizers as compared with later colonizers, and

attests to the stronger interaction with saliva-coated surfaces that initial colonizers

should, by definition, possess.

The non-specific forces obtained by Poisson decoupling were repulsive (+0.3

nN). At first glance, this may seem surprising, since virtually all thermodynamic

analyses12 of bacterial adhesion to surfaces indicate favorable Lifshitz-Van der

Waals attraction that overrules the possible existence of electrostatic repulsion in

the secondary interaction minimum6. In this respect, it must be realized, however,
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that the contact between the streptococcal cell surface and the saliva-coating in

AFM is a forced contact beyond the interaction minimum, usually located around 5-

10 nm. Contact beyond the interaction minimum is required in AFM to estimate

“zero” distance between the interacting surfaces and is associated with nonspecific

repulsion. A Poisson analysis of multiple adhesion peaks in the interaction of

Escherichia coli with silicon nitride AFM tips was recently performed, and a

repulsive non-specific force after decoupling of +0.16 nN was found, which is

slightly smaller than the non-specific force found for streptococcal adhesion to a

saliva-coating7. Also, the individual hydrogen-bonding force identified was smaller

than in our study, and amounted to -0.13 nN. It is currently uncertain whether this is

due to the fact that those experiments were carried out with a small AFM tip vs. a

bacterial cell surface, while we used a much larger streptococcal probe vs. a

saliva-coating. Alternatively, it is unclear whether decoupling by Poisson analysis

truly yields an estimate of a single hydrogen-bond force, or whether it determines

the total hydrogen force originating from a single characteristic molecular moiety on

the bacterial cell surface. The latter explanation may be more plausible in light of

the fact that a hydrogen-bonding force of -0.70 nN has been obtained with a

staphylococcal probe vs. glass13. Thus, different bacterial strains and species may

adhere through their own characteristic, hydrogen bonding molecular moieties.

This is also the basis for specific interactions from a microbiological point of view14.

They describe specific interactions as molecular recognition between ligand and

receptor molecules, which operate over spatially well-confined, stereo-chemical

regions, established, for instance, by interactions between acid, electron-accepting

and basic, electron-donating groups or oppositely charged domains, at close

approach (up to several nanometers).

The development of hydrogen bonds requires, first, the removal of interfacial

water from between the interacting surfaces, while, second, hydrogen bonding

involves a stereochemistry between the interacting groups. Both processes clearly

take time, and this study indicated that bond-strengthening requires several tens of
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seconds. No distinction between initial and later colonizers can be made on the

basis of the time required for bond-strengthening. There appears to be no relation

between the characteristic time for bond-strengthening and the development of

multiple individual adhesion bonds. This might be due to the fact that the total

adhesion force depends on interplay between the number of bonds developing and

their magnitude.

In summary, this paper has demonstrated that the important transition from

reversible to more irreversible adhesion of oral streptococci to saliva-coated

enamel is mediated by the progressive involvement of hydrogen bonds. Both initial

as well as final adhesion forces with saliva-coated enamel were stronger for initial

colonizers of tooth surfaces in vivo than for later, more cariogenic strains, due to

both slightly more and more attractive individual hydrogen-bonding forces (-1.0 nN)

for initial than for late colonizers (-0.8 nN).
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Appendix

Poisson analysis of force-distance curves for the decoupling of
adhesion forces

The main assumptions underlying the application of the Poisson analysis to

retraction force-distance curves are (1) that the total adhesive force (Fadh) develops

as the sum of discrete bonds, such as hydrogen-bonding and Lifshitz-Van der

Waals forces, and (2) that these bonds form randomly with a small probability and

all have similar force values (Fi). Poisson analysis then commences with the

evaluation of all pull-off events in the retraction force-distance curves measured

(Fig. 1C in the main paper) for S. sanguinis ATCC10556 adhering to saliva-coated

enamel with a surface delay time of 120 sec. Each pull-off event is equivalent to

the adhesion force and represents the sum of the hydrogen bonding and non-

specific forces between the streptococcal cell surface and the saliva-coated

enamel surface. All adhesion forces in the 45 different retraction force-distance

curves measured with the 9 different bacterial probes were first verified to obey a

Poisson distribution (Fig. 2).

Subsequently, an average adhesion force  F and its variance !F
2 were

calculated for each streptococcal probe (Table 3). The total adhesion force is

comprised of a main peak, due to non-specific forces and with no variance

attached, and a variable number of minor peaks, constituted by individual hydrogen

bonds. Poisson statistics dictate a linear relation between !F
2 and  F (Eq. 4).

This linear relation is presented in Fig. 3 and has a high linear correlation

coefficient R2 of 0.90. The hydrogen bonding force (FH-bond) follows directly from its

slope, while the intercept value can be used to yield FNon-specific.
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Figure 2. Distribution of adhesion forces between S. sanguinis ATCC10556 and saliva-
coated enamel at 120 s. The solid line represents the theoretical Poisson fit to the data.

Figure 3. Linear relationship between the mean and the variance of the adhesion forces, as
a requirement of the Poisson distribution. The solid line (linear regression) was used to
decouple the hydrogen bonding and non-specific forces, amounting to -1.1 ± 0.2 and +0.3 ±
0.1 nN, respectively.



Bacterial probe  F (nN)  F
2 (nN) 2 Number of Peaks a

1 -2.9 3.1 58

2 -5.4 4.6 36

3 -5.3 5.8 29

4 -2.2 1.8 25

5 -2.5 2.2 22

6 -2.6 1.8 17

7 -4.2 4.6 14

8 -5.2 5.3 16

9 -3.5 5.0 19

All -3.8 236

Table 3. Summary of adhesion force between S. sanguinis ATCC10556 and saliva coated
enamel after a 120-second surface delay.

59

a Total number of adhesion peaks collected in 5 force-distance curves measured with one
streptococcal probe.
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Chapter 4

Poisson analysis of streptococcal bond
strengthening on stainless steel with

and without a salivary conditioning film

This chapter has been published in: Mei L, Van der Mei HC, Ren Y, Norde W,

Busscher HJ. Langmuir 2009; 25:6227-6231. Reprinted with permission of the

American Chemical Society.
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Abstract

Poisson analysis of retract force-distance curves in atomic force microscopy (AFM)

has yielded a new dimension to the decoupling of individual bond forces into a

hydrogen bonding and nonspecific force component. Accordingly, bacterial

adhesion forces have been decoupled into a hydrogen bonding and nonspecific

Lifshitz-Van der Waals contribution. Due to the forced nature of AFM contact, the

nonspecific force contribution has hitherto turned out to be repulsive in the analysis

of bacterial adhesion forces on nonconducting surfaces. In this study, we present

the results of a Poisson analysis of adhesion forces for streptococci adhering to a

conducting surface. Adhesion forces measured between stainless steel, both in the

absence and presence of an adsorbed salivary conditioning film, increased with

increasing contact time between the streptococcal AFM probe and the surface.

Concurrent with the increase in adhesion force, there was an increase in the

number of minor force peaks in the retract force-distance curves. Poisson analyses

of the adhesion forces indicated repulsive nonspecific Lifshitz-Van der Waals

forces for streptococci adhering to saliva-coated stainless steel, but interestingly

and for the first time, attractive nonspecific forces were revealed on stainless steel

in the absence of a salivary conditioning film. We tentatively attribute this to

attraction between the negatively charged streptococci and their positive image

charges in the conducting material, which cannot develop in a nonconducting

material or in the presence of a nonconductive protein layer on the stainless steel

surface.
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Introduction

Bacterial adhesion to surfaces is the first step in biofilm formation and is mediated

by attractive Lifshitz-Van der Waals forces, hydrogen bonding forces, and attractive

or repulsive electrostatic forces1,2. The forces involved in bacterial adhesion to

surfaces can be measured using atomic force microscopy (AFM), either by

immobilizing bacteria on a substratum surface and probing the cell surface with the

AFM tip, or by attaching bacteria to a cantilever to constitute a bacterial probe to

examine interaction with the substratum surface. The adhesion forces become

evident from retract force-distance curves, often as a major peak, accompanied by

a number of minor peaks at different interaction distances. Poisson analysis of

these adhesion peaks in force-distance curves in AFM has yielded a new

dimension to the decoupling of individual bond forces into a hydrogen bonding and

nonspecific force components (i.e., Lifshitz-Van der Waals forces)3. Due to the

forced nature of AFM contact, the nonspecific force contribution has hitherto turned

out repulsive in the analysis of bacterial adhesion forces for nonconducting

surfaces such as silicon nitride and glass4,5, but nothing is known about the nature

of bacterial adhesion forces on conducting surfaces such as stainless steel, despite

the fact that bacterial adhesion and biofilm formation form an equally big problem

on conducting and nonconducting surfaces6-8.

Electron transfer has been implicated in bacterial adhesion to conducting

surfaces6,8, which, consequently, affects the adhesion mechanism. Initial bacterial

adhesion was found to be accompanied by a change in electric potential of the

substratum surface with no measurable change in capacitance. It was calculated

that, on average, a charge of about 10-14 C per bacterium was exchanged during

initial adhesion, that could either be to or from the bacterial cell surface, dependent

on the bacterial strain involved and the ionic strength of the medium8.

In various applications, bacterial adhesion and biofilm formation occur on

stainless steel, for instance, in orthodontics. Therefore, the aim of this study is to

determine the nature of the adhesion forces responsible for streptococcal bond
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strengthening to stainless steel with and without a salivary conditioning film, by

Poisson analysis of adhesion force distributions measured using AFM.

Materials and Methods

Bacterial cultures

Streptococcus sanguinis ATCC 10556 and Streptococcus mutans ATCC700610 were

precultured in Todd-Hewitt broth (Oxoid, Basingstoke, UK) for 24 h and inoculated

into a main culture for 16 h at 37 °C in ambient air. Bacteria were harvested by

centrifugation (5 min, 5000 g, 10 °C) and washed twice with demineralized water.

Finally, bacteria were suspended in demineralized water and sonicated to break

bacterial aggregates in an ice/water bath for 3 × 10 s at 30 W.

Stainless steel surfaces

Stainless steel 316 (Stryker Corp, Kiel, Germany), used for orthodontic brackets,

was machined into 1 cm diameter discs. Subsequently, surfaces were polished

with a diamond polishing paste of decreasing particle size from 14 to 0.05  m.

After polishing, stainless steel samples were cleaned by 2 min ultrasonication in a

35 kHz ultrasonic bath (Transsonic TP 690-A, Elma, Germany) and thoroughly

rinsed with demineralized water.

Formation of salivary conditioning films

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.

Afterward, the solution was centrifuged again, dialyzed (24 h, 4°C) against

demineralized water, and freeze-dried for storage. All volunteers gave their
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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. The experimental stainless steel discs were

immersed into the reconstituted saliva for 16 h to create a salivary conditioning film.

After 16 h, all saliva conditioning film coated discs were dipped three times in

demineralized water and immediately used for AFM experiments.

AFM measurements

Streptococci from suspension were immobilized onto tipless cantilevers

(Ultrasharp,  -Masch, Estonia). Cantilevers were first immersed in a drop of 0.01%

(w/v) poly-L-lysine (Sigma, U.K.) for 1 min, dried for 2 min in air, and then dipped

into a drop of bacterial suspension for 1 min to allow bacterial attachment. Each

thus prepared bacterial AFM probe was used immediately for further measurement.

All AFM measurements were performed using a Nanoscope IV (Digital instruments,

Woodbury, NY) in the contact mode at room temperature in adhesion buffer, using

a scan rate of 0.5 Hz, ramp size of 1.5  m, and trigger threshold of 1V. Retraction

of the bacterial probe from a saliva-coated stainless steel surface was done after

different surface delays, ranging from 0 to 120 s. Forty-five force curves, measured

with nine streptococcal probes prepared out of three separate bacterial cultures,

were collected for each surface delay on randomly selected positions on the

stainless steel surface. In order to check the integrity of the bacterial probe and the

streptococcal cell surface as well as the absence of cell surface contamination by

salivary proteins, two control experiments were conducted: 1. Scanning electron

micrographs were regularly taken to confirm the integrity of the bacterial probe after

measurements. It never happened that force-distance curves had to be discarded

due to visual damage to the bacterial probe. 2. Adhesion forces with 0 s surface

delay were measured at the onset of each measurement series (0-120 s surface
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delays) and, as a control, again after completion of a series. Whenever the 

maximum adhesion force in the initial and control measurement did not coincide 

within 1 nN, data from that measurement cycle were discarded and a new 

streptococcal probe prepared. 

Calculation of Adhesion Forces and Poisson Analysis 

Adhesion forces were calculated after each surface delay time from the AFM 

deflection data using: 

 (1) DKF sp

in which Ksp is the spring constant and D is the deflection of the cantilever. The 

spring constant of each cantilever was for each experiment determined 

experimentally using the thermal method9. The maximal adhesion force in each 

force-distance curve Fadh(t), in which t represents the surface delay time, was fitted 

using an exponential rise to maximum function  

 
tFFFtF adhadhadhadh exp1)( 0,,0, (2) 

Where Fadh,0 and Fadh, are the maximum adhesion forces after 0 s surface delay 

and after bond strengthening (see also Fig. 1 and Fig. 2), respectively, and is the 

characteristic time needed for strengthening. In addition, the number of minor force 

peaks after each surface delay were enumerated (see Fig. 3) and analyzed 

analogously to an exponential rise to maximum, as described above. Since the 

adhesion forces measured obey a Poisson distribution, the adhesion force can be 

expressed as  

 
!

)exp()(
n
FFFP avn

av (3) 

with P(F) being the probability that an adhesion event involving force (F) will occur, 

Fav being the average of all adhesion forces, and n bein the number of adhesion 

forces included. The total adhesion force comprises a main peak due to an 
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invariant nonspecific contribution and a variable number of minor peaks n,

constituted by hydrogen bonds, according to 

 (4) cNonspecifibondHbondH FFnF

where FH-bond and Fnonspecific represent the contributions of hydrogen bonding and 

nonspecific interaction forces (i.e., Lifshitz-Van der Waals and electrostatic forces) 

to the total adhesion force, respectively.  

 Based on eqs 3 and 4, the relationship between the force average ( F) and 

variance ( F
2 ) of all adhesion events can be expressed as4

cNonspecifibondHF FF (5) 

 cNonspecifibondHbondHFF FFF2 (6) 

According to eq 6, a plot of the variance ( F
2) versus the force average ( F) yields 

a straight line (see Fig. 4 for an example). Linear regression of F
2 versus F

directly decouples the adhesion force into a hydrogen bonding force FH-bond (from 

the slope) and the nonspecific adhesion force Fnonspecific (from the intercept). 

Results 

Fig. 1 presents an example of force-distance curve for S. sanguinis ATCC10556. 

The adhesion forces clearly increase with increasing surface delay times (see also 

Fig. 2) and extend over a distance of between 400 and 600 nm. In the absence of 

a salivary conditioning film on the stainless steel surface, forces appear to be 

stronger and to extend over a longer distance than in the presence of an adsorbed 

protein film, while in addition the number of minor peaks is larger (especially during 

the shorter surface delay times, as can be seen in Fig. 3). It is interesting to note 

that in the presence of an adsorbed salivary conditioning film the approach and 

retract force-distance curves at close distances (20-40 nm) overlap, but in the 

absence of a nonconducting adsorbed protein film the approach and retract curves 

deviate considerably.  
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Figure 1. Example of force-distance curves between S. sanguinis ATCC10556 and stainless
steel surfaces in the absence (panel A, top) and presence (panel B, bottom) of a salivary
conditioning film after different surface delay times.
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Figure 2. The maximum adhesion forces between S. sanguinis ATCC10556 and stainless
steel with and without a salivary conditioning film as a function of the surface delay time in a
given experiment.

Figure 3. The number of minor adhesion force peaks between S. sanguinis ATCC10556
and stainless steel with and without a salivary conditioning film as a function of the surface
delay time in a given experiment.
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ng process .

Table 1. The maximum adhesion forces and number of peaks for 0 s surface delay time (F0
and N0) and after bond-strengthening (F ) and peaks increasing (N ), with the
characteristic time constant,  , of the strengthening/increasi a

Fadh (nN)b Number of peaksBacterial
strains F0 (nN) F (nN)  (s) N0 N  (s)

S. sanguinis
ATCC10556 -8.6 ± 1.6 -31.5 ± 3.7 28 ± 8 3.0 ± 0.2 4.0 ± 0.3 20 ± 11

Without
saliva S. mutans

ATCC700610 -2.5 ± 0.9 -9.9 ± 2.1 32 ± 16 2.6 ± 0.1 4.1 ±0.1 7 ± 2

S. sanguinis
ATCC10556 -0.8 ± 0.2 -5.5 ± 0.8 59 ± 19 1.6 ± 0.3 4.1 ± 0.8 24 ± 13

With
saliva S. mutans

ATCC700610 -0.6 ± 0.3 -4.0 ± 0.6 16 ± 5 2.1 ± 0.3 4.4 ± 0.8 38 ± 23

a ± represents the standard deviation over 45 force distance curves from three different
bacterial cultures. b negative sign denotes attractive while positive sign means repulsive.

A summary of the bond aging parameters is given in Table 1. On average, both

strains show a similar behavior, and in the absence of a salivary conditioning film,

the adhesion forces increase by a factor of 4 after initial contact to over 30 nN after

120 s surface delay. In the presence of a salivary conditioning film, adhesion forces

are confined to less than 1 nN upon initial contact and increase to only 4-5 nN

upon bond strengthening. Bond strengthening occurs in a time period of around 30

s in the absence and between 20 and 60 s in the presence of a salivary

conditioning film. The number of minor peaks in the retract force-distance curves

increase in a time period of between 10 and 40 s from approximately 2 to 4 peaks

in one force-distance curve, regardless of the absence or presence of a salivary

conditioning film.

An example of Poisson decoupling of the streptococcal adhesion forces to

stainless steel in the absence and presence of a salivary conditioning film is given

in Fig. 4, and the derived hydrogen bonding and nonspecific force contributions are

summarized in Table 2. Hydrogen bonding forces are attractive for both strains,

irrespective of the absence or presence of a salivary conditioning film, and they

range between 0.5 and 0.9 nN. The nonspecific forces are repulsive (0.3-0.5 nN)
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on the stainless steel surface covered with the salivary protein film, but they are

relatively strongly attractive (1.2 and 8.1 nN, depending on the bacterial strain) for

the bare stainless steel surface.

Figure 4. Example of Poisson analysis of the retract forces between S. sanguinis
ATCC10556 and stainless steel at 120 s in the absence (panel A, top) and presence (panel
B, bottom) of a salivary conditioning film. Linear correlation coefficients R2 are 0.82 and 0.73
in the absence and presence, respectively, of a salivary conditioning film.
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Table 2. Hydrogen bonding (FH-bond) and non-specific forces (FNon-specific) of two bacterial
strains to stainless steel from Poisson analysis of retract curves at 120 s surface delay. FH-

bond are all attractive (negative values denote attractive), while FNon-specific for saliva-coated
stainless steel surfaces are repulsive (positive values), while for without salivary conditioning
film stainless steel surfaces are attractive (negative values).

Bacteria FH-bond (nN) FNon-specific (nN)

S .sanguinis ATCC10556 -0.6 ± 0.2 -8.1 ± 2.1Without

saliva S. mutans ATCC700610 -0.5 ± 0.1 -1.2 ± 0.3

S. sanguinis ATCC10556 -0.9 ± 0.2 0.3 ± 0.1With

saliva S. mutans ATCC700610 -0.7 ± 0.1 0.5 ± 0.2

a ± represents the standard deviation over nine bacteria probes from three different bacterial
cultures.

Figure 5. Charge transfer and image charge formation in streptococcal adhesion to
conducting stainless steel. Note that, like nearly all bacterial strains, streptococci are
negatively charged like most surfaces in nature 10. (A) Bacterial approach to the surface.
(B)At closer approach, the image charge forms at an equal distance form the surface as the
approaching charged particle. (C) Upon contact, the attractive force between the negatively
charged particle and its image charge is maximal, and in addition charge transfer is
possible. (D) Interaction with its image charge causes an additional attraction with the
negatively charged bacterium while moving away from the stainless steel surface.
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Discussion

Poisson analysis of retract force-distance curves in AFM has yielded a new

dimension to the decoupling of individual bond forces into a hydrogen bonding and

a nonspecific force component. Hitherto, Poisson analyses of bacterial adhesion

forces have only revealed repulsive nonspecific force contributions4,5, because the

forced nature of the contact in AFM pushes the contact beyond the minimum of the

interaction free energy, that is, to a separation distance where the dispersion force

between the bacterium and the substratum is repulsive. This study is the first to

reveal attractive nonspecific bacterial adhesion forces by Poisson analysis, which

we attribute to the fact that we used conducting stainless steel as a substratum.

This argument is enforced by the observation that the presence of a nonconducting

film of salivary proteins yields a repulsive nonspecific force, similar to what has

been derived for other nonconducting materials.

The mechanism of bacterial adhesion on conducting surfaces differs from the

one forwarded for nonconducting surfaces in the sense that conducting surfaces

may facilitate charge transfer8. Charge transfer between the conducting stainless

steel surface and the bacterial cell surface may be responsible for the deviating

retract and approach force-distance curves at short separation distance (20-40 nm)

between the two surfaces (Fig. 1). Such deviations are usually not observed for

nonconducting surfaces and, accordingly, are absent in our study when the

stainless steel surface is coated with a salivary protein coating.

It is interesting to speculate about the reason why the nonspecific force derived

from the Poisson analysis is attractive on conducting surfaces. Upon approach of a

charged particle toward a charge-conducting material, a so-called image charge

develops in the conducting material (Fig. 5). The image charge is of opposite sign

than the charge of the approaching particle and forms or disappears by charge

rearrangement in the conducting material upon approaches or retracts of the

charged particle from the surface, respectively. Since the interaction between a

charged particle and its image charge is not disturbed by the forced nature of the
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AFM contact, we suggest that the attractive nonspecific force contribution revealed

here for streptococcal adhesion to stainless steel is due to attractive electrostatic

interactions between the image charge and the negatively charged streptococcal

cell surfaces10.

In summary, this is the first time that attractive nonspecific forces between

negatively charged bacteria and their image charges formed in a conducting

material have been directly revealed by Poisson analysis of retract force-distance

curves measured using AFM. Development of these attractive forces does not

occur when the stainless steel surface is covered by a layer of adsorbed salivary

proteins.
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Abstract

Orthodontic composite is prone to bacterial adhesion and biofilm formation, leading

to serious side-effects during fixed orthodontic treatments. We determined the

streptococcal adhesion forces with two orthodontic light-cured composite resins

with different surface roughness (20 nm, 150 nm, and 350 nm), using Atomic Force

Microscopy in absence or presence of a salivary conditioning film. Initial adhesion

forces in absence of a salivary conditioning film amounted between -0.7 and -0.9

nN for smooth composite resins and increased to between -1.0 and -2.0 nN for the

roughest surfaces. Streptococcal adhesion forces after bond-strengthening were

significantly stronger than upon initial contact, irrespective of the composite type.

Salivary conditioning films significantly decreased the surface roughness of the

composites, as well as the streptococcal adhesion forces. Yet, also in the presence

of a conditioning film, rougher composite surfaces exerted stronger adhesion

forces, irrespective of composite type or bacterial strain. In conclusion,

streptococcal adhesion forces to orthodontic composite resins increase with

increasing roughness of the composite surfaces. Composite surface roughness

less affects adhesion forces with S. mutans than with S. sanguinis.
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Introduction

White spot lesions around orthodontic brackets form one of the most prevalent side

effects of orthodontic treatment with fixed appliances, and affect approximately

50% of all orthodontic patients1,2. These lesions can remain visible as a permanent

enamel scar or “tooth decay” even 5 years after treatment3, compromising facial

esthetics after an often lengthy and costly course of orthodontic treatment. The

junction between bracket, adhesive and enamel constitutes a favorable place for

oral bacteria to adhere and form a biofilm and especially excessive bonding

composite around the bracket has been demonstrated to be prone to biofilm

accumulation4. Lee et al. found that orthodontic composite had a higher ability to

retain oral streptococci than metallic brackets5. Oral biofilms are only able to

maintain position in the oral cavity if the forces by which they adhere are stronger

than the prevailing oral detachment forces or the forces exerted by tooth brushing.

We have previously investigated oral bacterial adhesion forces to the different

materials constituting the bracket-adhesive-enamel junction using Atomic Force

Microscopy (AFM) and observed that, in line with the above, different oral bacterial

strains adhered more strongly to orthodontic composite resins than to enamel or

metal surfaces involved in the junction. It remained unclear though, whether this

was due to the hydrophobicity of the composite surface (water contact angle 71

degrees) or its higher roughness (28.5 nm) as compared with enamel (30 degrees;

7.0 nm) or stainless steel (68 degrees; 2.7 nm).

Initial bacterial adhesion on smooth surfaces is reversible and becomes

irreversible within seconds to minutes after initial contact6. Measurement of

bacterial adhesion forces using AFM has demonstrated that longer contact times

between a bacterium and a substratum surface results in stronger adhesion forces

(“bond-strengthening”) on surfaces in the presence as well as in the absence of a

salivary conditioning film7. Although it is known that rougher surfaces promote

bacterial adhesion8-11 to an extend that exceeds the influence of hydrophobicity or

surface free energy11,12, the influence of surface roughness on bacterial adhesion
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forces and their strengthening over time, has not yet been studied. We hypothesize

that bacterial adhesion forces and their strengthening over time are dependent on

the surface roughness of the composite surfaces. In order to test this hypothesis,

we investigated the influence of surface roughness of two different orthodontic

composite resins on the adhesion forces of two oral streptococcal strains using

AFM. Force measurements were carried out in the absence or presence of an

adsorbed salivary conditioning film.

Materials and methods

Bacterial strains and growth conditions

Streptococcus sanguinis ATCC10556 and Streptococcus mutans ATCC700610

were precultured in 10 mL Todd Hewitt Broth (THB, Oxoid, Basingstoke, UK) for 24

h and then inoculated into 200 mL of THB for 16 h at 37°C. Bacteria were

harvested by centrifugation (5 min, 5000 g, 10°C), and washed twice with

demineralized water, and resuspended in demineralized water for AFM.

Composite resins and salivary conditioning film formation

Two light-cured composite resins, Transbond XTTM (3M Unitek, Monrovia, CA,

USA) and PADLock® (Reliance Orthodontic Products, Inc., Itasca, IL, USA) were

included in this study. Transbond XT consists of 10-20% Bis-GMA, 5-10% Bis

EMA, 70-80% fillers (silylated quartz and submicron silica) next to <0.2%

diphenyliodonium hexafluorophosphate, while PADLock contains 8-20% Bis-GMA,

15-60% glass filler and 3-12% amorphous silica, next to 1-3% sodium fluoride, as

taken from the respective Materials Safety Data Sheets. Both composite resins are

commonly used for bonding of orthodontic brackets to enamel surfaces.

Composites were made into 1 cm diameter discs with a thickness of 1 mm by

pressing between two glass plates, covered with copier overhead films. Composite
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discs were cured using a halogen lamp (Optilux 501 Curing Light; Kerr/Demetron,

Danbury, CT, USA) for 20 s at a distance of 2 mm from the surface. Light intensity

was higher than 400 mW/cm2, as verified by a radiometer after every 3 specimens.

Cured discs were used as prepared and after roughening with 0.05  m wetted

aluminum oxide particles (Buehler, Lake Bluff, USA) or with 800 grit sandpaper.

Subsequently, discs were cleaned by sonication for 2 × 5 min at 35 kHz in an

ultrasonic bath (Transsonic TP 690-A, 154 W; Elma, Singen, Germany), and rinsed

with demineralized water. X-ray Photoelectron Spectroscopy (XPS) confirmed the

effective removal of grinding and polishing particles from the composite surfaces.

In addition, water contact angles were measured in triplicate with a homemade

contour monitor and on smooth composite surfaces amounted 80 ± 3 degrees for

Transbond XT and 77 ± 8 degrees for PADLock, typical for acrylic surfaces13.

Composite discs were used with or without an adsorbed salivary conditioning

film. Human whole saliva from 20 healthy volunteers (10-15 mL) of both sexes was

collected into ice-chilled flasks after stimulation by chewing ParafilmTM. All

collections were performed in the morning. After the saliva was pooled and

centrifuged twice (10,000 g, 15 min, 10°C), phenylmethylsulfonyl fluoride was

added to a final concentration of 1 mM as a protease inhibitor in order to reduce

protein breakdown and preserve high-molecular weight mucins. Afterwards, the

solution was centrifuged again, dialyzed (24 h, 4°C) against demineralized water,

and lyophilized for storage. Note that recently it has been shown that freeze-

thawing does not alter a saliva which has been stored at -80ºC for a period of 6

months14. Lyophilized saliva was reconstituted in adhesion buffer (2 mM potassium

phosphate, 50 mM potassium chloride, and 1 mM calcium dichloride, pH 6.8) at a

concentration of 1.5 mg/mL15. All volunteers gave their informed consent to saliva

donation, in agreement with the policies of the Ethics Committee at the University

Medical Center Groningen. Half of all composite discs were immersed in

reconstituted human whole saliva for 16 h at 20°C, after which the discs were

dipped three times in demineralized water and immediately used for AFM
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measurements. The other half of the discs were studied in the absence of a

salivary conditioning film and immersed in 100 mL adhesion buffer for 16 h instead

of in reconstituted human whole saliva, in order to obtain a comparable degree of

surface swelling (if occurring). Salivary conditioning film formation was evidenced

by a decrease in water contact angle of the composites to 23 ± 3 degrees (± SD

over three different discs), irrespective of the type of composite involved, and an

increase in the amount of proteinaceous nitrogen detected by XPS.

AFM surface roughness measurements

Surface roughnesses of composite discs, with or without a salivary conditioning

film, were measured using AFM (see also below) in the contact mode with a silicon

nitride cantilever tip (Veeco, Woodbury, NY, USA). Each disc was imaged at three

randomly chosen sites and surface plots were made to provide a three-dimensional

perspective of the surface, from which the mean surface roughness (Ra) was

calculated, representing the average distance of the roughness profile to its

imaginary center plane. Three different discs were used for the measurements.

AFM adhesion force measurements

Streptococci from suspension were immobilized on “V”-shaped tipless AFM

cantilevers (Veeco, DNP-0, USA). Cantilevers were first immersed in a drop of

0.01% (w/v) poly-L-lysine (Sigma, Poole, UK) for 1 min with a micromanipulator

(Leica, Wetzlar, Germany) to create a positive charge on its surface. Subsequently,

the cantilever was dried in air for 2 min using the micromanipulator, and then

dipped into a drop of bacterial suspension for 1 min to allow bacterial attachment.

All AFM measurements were performed in a Dimension 3100 system (Nanoscope

IV, Digital Instruments, Woodbury, NY, USA) in the contact mode at room

temperature in adhesion buffer, at a scan rate of 1.0 Hz, ramp size 1.5  m, and

trigger threshold of 1 V. The loading force was applied by setting the trigger mode

to relative, i.e. a trigger threshold of 1 V, roughly corresponding with a loading force
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of 12 nN at the inversion point between approach and retract. The bacterial probe 

was assumed to contact the composite surface when the slope of the approach 

curves abruptly increases. Retraction of the bacterial probe from a composite 

surface with and without saliva was done after 0 s and 120 s surface delay to 

reveal possible bond-strengthening. Scanning electron micrographs were regularly 

taken to confirm the integrity of the bacterial probe after measurements. No force-

distance curves had to be discarded due to visual damage to the bacterial probe in 

the study. For each combination of composite, roughness and bacterial strain, 30 

force-distance curves were recorded that comprised a total of 6 different bacterial 

probes out of 3 independent bacterial cultures and 3 different composites.  

 Adhesion forces were calculated after each surface delay time from the AFM 

deflection data, using 

 (1) DKF sp

in which Ksp is the spring constant and D is the deflection of the cantilever. The Ksp

of each cantilever was experimentally determined using the thermal method16.

Statistical analysis 

Surface roughnesses (Ra) were presented as averages ± standard deviations (SD) 

and analyzed using ANOVA. Bacterial adhesion forces were presented as medians 

and interquartile ranges, and compared using non-parametric analyses (Kruskal-

Wallis test, followed by Dunns multiple-comparison post hoc analysis). The level of 

significance was set at P < 0.05. Linear regression analysis was used to assess 

the relationship between the adhesion forces and Ra values.  

 Typically, data for bacterial adhesion forces were not normally distributed and 

contained a large spread15,17. Weibull analysis has been originally designed for 

statistical analysis of macroscopic tensile bond strength measurements, which also 

suffer from a large spread in data, but is equally applicable to microscopic 

adhesion forces measured using AFM18. Weibull analysis uses spread in data to 

calculate the so-called Weibull distribution according to 
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mFF
F eP )0/(1 (2) 

where the PF is the adhesion force probability, F is the adhesion force measured, 

F0 is a scaling parameter and m is the Weibull modulus. PF is obtained from a 

ranking of all measured adhesion forces in ascending order according to19 

4.0
3.0

N
nPF (3)  

where n is the rank number and N the total number of data points. The double 

logarithm of Eq. 2, i.e. ln(-ln(1 - PF)), is plotted against ln(F), from which the 

Weibull modulus m and the normalization parameter F0 can be calculated by linear 

regression 

 (4) )/ln(*))1ln(ln( 0FFmPF

together with a linear correlation coefficient  R2 to indicate the goodness of the fit to 

the Weibull equation. Using Eq. 2 and the Weibull parameters calculated, the 

adhesion forces occurring with certain, chosen probability can be calculated. 

Results 

Surface roughness 

Roughening of the composite surfaces resulted in three groups for both composites 

in the absence of a salivary conditioning film, denoted as “smooth”, “moderately 

rough” and “rough”. The differences of Ra values in each group were significant (P 

< 0.05) (Table 1). Salivary conditioning film significantly (P < 0.05) decreased the 

roughness of the rougher surfaces, irrespective of the composite type, but did not 

affect the original classification of the surfaces in terms of their roughness. The 

roughness of the smooth composite surfaces did decrease after salivary 

conditioning film formation, but this decrease was not statistically significant. 
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Table 1. The surface roughness (Ra) of smooth, moderately rough and rough composite
resins in the absence or presence of a salivary conditioning film, measured using AFM. All
data represent mean ± standard deviation over three independent sample discs, each
measured on three randomly chosen sites.

Smooth a

(nm)
Moderately
rough a, b(nm)

Rough a, b

(nm)
Transbond 21 ± 3 156 ± 6 351 ± 29Without a salivary

conditioning film PADLock 21 ± 4 154 ± 9 342 ± 24

Transbond 17 ± 3 77 ± 15 252 ± 31With a salivary
conditioning film PADLock 17 ± 3 78 ± 14 265 ± 29

a significant difference between “Smooth” “Moderately rough” and “Rough” surface.
b significant difference between “without” and “with” a salivary conditioning film.

Bacterial adhesion forces

Fig. 1 shows examples of force-distance curves of a bacterial probe (S. sanguinis

ATCC10556) upon approach and retract from Transbond XT surfaces with different

roughness at initial contact and after 120 s bond-strengthening, in the absence or

presence of a salivary conditioning film. Note that adhesion forces can be

measured at distances beyond the reach of all known interaction forces, which

indicates that bacterial cell surface appendages stretch during retract until bond

failure. Quantitative analyses of all force-distance curves are summarized in Fig. 2.

In general, the median adhesion forces of both streptococcal strains become

significantly stronger (i.e. more negative) when the roughness of composite

surfaces increased for both types of composite resins, irrespective of bond-

strengthening or the absence or presence of a salivary conditioning film.
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Figure 1. Example of force–distance curves between S. sanguinis ATCC10556 and
Transbond XT surfaces with different roughnesses at initial contact (0 s, top panels) and
after bond-strengthening (120 s surface delay, bottom panels), in the absence (left panels)
or presence (right panels) of a salivary conditioning film.

The median adhesion forces after 120 s of bond-strengthening are significantly

stronger than after initial contact (P < 0.05). The presence of a salivary conditioning

film significantly decreases the streptococcal adhesion forces on all composite

resins (P < 0.05; Fig. 1 and Fig. 2).

The relationship between bacterial adhesion forces and roughnesses of the

composite surfaces showed a significant (P < 0.05) linear correlation (Fig. 3).

Linear regression was employed to calculate the rate of increase of the adhesion

force with surface roughness, as summarized in Table 2.
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Figure 2. Medians and interquartile ranges (indicated by the error bars) of the adhesion
forces between S. sanguinis ATCC10056 and S. mutans ATCC700610 and two different
composite surfaces with different surface roughnesses in the absence (left panels) and
presence (right panels) of a salivary conditioning film (30 force-distance curves for each
combination). Top graphs refer to initial adhesion forces at 0 s, while bottom graphs refer to
adhesion forces measured after 120 s surface delay. Abbreviations: T = Transbond XTTM; P
= PADLock®. * Indicates significant difference (P < 0.05) with the other roughness variants
of the same composite and for the same bacterial strain. Note that the scale of the y-axis in
120 s surface delay panels is 10 times larger than that in 0 s panels.
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Table 2. The rate of increase (nN/ m) of the streptococcal adhesion forces with surface
roughness on the two different composites used, as calculated from linear regression
analysis. All data presented as mean ± standard error due to the fit.

S. sanguinis ATCC10556 S. mutans ATCC700610
0 s 120 s 0 s 120 s

Transbond 2.9 ± 0.6 17.2 ± 2.5 1.7 ± 0.3 9.7 ± 1.5Without salivary
conditioning film PADLock 2.4 ± 0.4 17.1 ± 3.3 1.6 ± 0.4 8.3 ± 2.4

Transbond 0.4 ± 0.2 6.6 ± 1.8 0.4 ± 0.1 6.2 ± 1.5With salivary
conditioning film PADLock 0.4 ± 0.1 6.4 ± 1.5 0.3 ± 0.1 5.4 ± 1.9

Figure 3. Example of the linear regression analysis indicated by the solid lines (P<0.05)
between the adhesion forces of S. sanguinis ATCC10556 and Ra values of the Transbond
XT surfaces at 0 s (top panels) and after a 120 s (bottom panels) surface delay time, in the
absence (left panels) or presence (right panels) of a salivary conditioning film.
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Initially at contact and in the absence of a salivary conditioning film, adhesion

forces increased at a rate of 2.6 and 1.6 nN/ m for S. sanguinis ATCC10556 and

S. mutans ATCC700610, respectively, irrespective of the composite type. The

difference in initial increase rate of the adhesion force with surface roughness

between the two strains is statistically significant. Streptococci were more sensitive

to changes in surface roughness after bond-strengthening for 120 s and the

increase rates of the adhesion forces with surface roughness were 17.1 and 9.0

nN/ m for S. sanguinis ATCC10556 and S. mutans ATCC700610 respectively,

irrespective of the composite type. The difference in initial increase rate of the

adhesion force with surface roughness and after bond-strengthening between the

two strains is statistically significant. Also in the presence of a conditioning film,

rougher composite surfaces exerted stronger adhesion forces, but with significantly

smaller (P < 0.05) increase rates of 0.4 nN/ m and 6.2 nN/ m at initial contact and

after 120 s bond-strengthening respectively, irrespective of composite type or

bacterial strain.

Weibull analysis

Fig. 4 shows examples of the Weibull distributions calculated for S. sanguinis

ATCC10556 and PADLock surfaces of different roughness at 0 s and after 120 s

bond-strengthening in the absence and presence of a salivary conditioning film.

Bacterial adhesion forces measured fitted the Weibull equation well with averaged

R2 values of 0.94 ± 0.05. Weibull modulus m are significantly lower (P < 0.05) for

the initial adhesion force distributions (2.9 ± 0.5) than for the force distributions

after bond-strengthening (4.2 ± 1.5) irrespective of the absence or presence of a

salivary conditioning film, indicating less variability in the data set when longer

contact was allowed (Table 3). The values of F0.5 (adhesion forces occurring with a

50% probability) were slightly higher than the corresponding median values, as can

be seen for example from the relationship between median and F0.5 adhesion

forces for S. sanguinis ATCC10556 with PADLock surfaces, shown in Fig. 5.
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Figure 4. Example of Weibull distributions for S. sanguinis ATCC10556 adhering to
PADLock surfaces with different roughness, at 0 s (top panels) and 120 s (bottom panels)
surface delay times, in the absence (left panels) or presence (right panels) of a salivary
conditioning film. For each combination of composite, roughness and bacterial strain, 30
force-distance curves were recorded.
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Figure 5. Example of the relationship between “F0.5” (adhesion forces at 50% probability of
occurrence in the Weibull distribution) and the median adhesion forces for S. sanguinis
ATCC10556 adhering to PADLock surfaces with different roughness, at 0 s (top panels) and
after a 120 s (bottom panels) surface delay time, in the absence (left panels) or presence
(right panels) of a salivary conditioning film. The solid line indicates the line of identity
between F0.5 and the median force.
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Discussion

In the study, we compared streptococcal adhesion forces on two commonly used

orthodontic composite resins, roughened to three different extents. Although both

compositions have a slightly different matrix composition and filler fraction, their

water contact angles are similar, attesting to the fact that high energy filler particles

are not exposed to the surface but become covered by low energy acrylic matrix

components20. Streptococci adhered stronger to rougher surfaces, and are

therefore more difficult to remove, while S. mutans adhered less strongly and its

adhesion forces were less influenced by the composite surface roughness than

those of S. sanguinis. Herewith our hypothesis that bond strengthening is

dependent on the surface roughness is accepted. The current strains were chosen

because they constitute primary colonizers of hard surfaces in the oral cavity and

form a link between a substratum surface and bacteria adhering and growing on

top of them21. In addition, S. mutans is also recognized as one of the more

cariogenic strains occurring in oral biofilms22. Therewith control of their adhesion

forces is of pivotal importance in preventing negative side-effects of orthodontic

treatment, such as demineralization around brackets.

Significant bond-strengthening is observed over the first 120 s of contact

between the streptococci and the composite surfaces, both in the absence or

presence of a salivary conditioning film. This initial type of bond-strengthening is

generally attributed to physico-chemical processes such as the removal of

interfacial water to allow the development of hydrogen-bonds, unfolding of cell

surface proteins to allow more intimate ligand-receptor bonding or re-orientation of

a bacterium as a whole6. Removal of interfacial water is easier if one of the

interacting surfaces is hydrophobic, which is probably the reason why bond-

strengthening is more extensive on the bare composite surfaces than on the more

hydrophilic, conditioning film covered composite surfaces (Fig. 3). With respect to

an influence of surface roughness, it is interesting to note that the increase rate of

the adhesion forces with surface roughness increases after bond-strengthening,
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i.e. after prolonged contact the influence of roughness increases (Table 2). This

might indicate that bacterial cell surface structures are better able to find favorable

sites for interaction, including crevices on the surface when given more time to do

so (Fig. 6). Concurrent with bond strengthening is an increase in the Weibull

modulus or reliability of the data set (see also Table 2).

Figure 6. Streptococcal adhesion forces to composite resin surfaces increase with
increasing surface roughness and contact time due to larger contact areas and more binding
sites.

The conclusions drawn in this paper with respect to the influence of surface

roughness on bacterial adhesion forces are based on analysis of median adhesion

forces and their interquartile ranges. One of the frustrations of AFM analysis of

bacterial adhesion forces is the large spread in the data, which is equally due to

differences between individual bacteria in a culture as well as to differences

between cultures. Weibull analysis takes advantage of the large spread in bacterial

adhesion forces data and the F0.5 calculated from Weibull distributions corresponds
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well with the median adhesion forces calculated (Fig. 5). Therewith the conclusions

drawn in this paper are in essence based on two different statistical analyses.

Although the present study unequivocally shows that bacterial adhesion forces

increase with increasing roughness of the substratum surfaces, conflicting reports

exist in the literature on the actual influence of surface roughness on bacterial

adhesion and biofilm formation. In vitro surface roughness above several hundreds

of nm’s generally increased the numbers of adhering S. sanguinis and S. mutans

on the surfaces of composite (Ra 150 - 560 nm)8, as well as Pseudomonas

aeruginosa and Staphylococcus epidermidis adhesion on acrylic surfaces (Ra 40 -

1240 nm)11 and adhesion of Streptococcus sobrinus to porcelain (Ra 120 - 530

nm)10. Other studies report that, when the surface roughness is lower than 200 nm,

surface roughness has no significant effect on plaque accumulation and microbial

composition on titanium abutments in vivo23,24 nor on adhesion and colonization by

S. epidermidis of silicon surfaces in vitro25. Likely, a threshold roughness exists

below which the adhesion forces are not sufficiently strong to cause major

adhesion and biofilm in the presence of experimental or environmental detachment

forces. In this respect it is interesting to note that both S. sanguinis and S. mutans

adhesion forces are sensitive to changes in surface roughness, but the initial

colonizer S. sanguinis has generally stronger adhesion forces with the composite

surfaces than the more cariogenic S. mutans.

Conclusion

Streptococcal adhesion forces to orthodontic composite increase with increasing

roughness of the composite surfaces, while moreover the influence of surface

roughness even increases after bond-strengthening. Therewith, our hypothesis that

bacterial adhesion forces and their strengthening over time are dependent on the

surface roughness of the composite surfaces is confirmed. Composite surface

roughness less affects adhesion forces with S. mutans than with S. sanguinis.
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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.
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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.



110

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).
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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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Introduction

Along with the development of new materials and changing societal views, such as

an increasing desire for social competition, more and more people want orthodontic

treatment to obtain a beautiful and healthy smile to enhance their quality of life,

self-image and competitiveness in job interviews1-3. In North America alone, there

are five million patients receiving orthodontic treatment. However, like other forms

of medical and dental treatment, orthodontic treatment is also accompanied by

risks4. The placement of orthodontic appliances on teeth not only impedes the

maintenance of a proper oral hygiene5,6 but also increases the level of cariogenic

bacteria in the oral cavity7-9, leading to serious biofilm-related side-effects such as

white spot lesions and gingival inflammation10-12, compromising facial esthetics

after an often lengthy and costly course of orthodontic treatment.

Clinical observation indicates that the most common site for bacterial adhesion

and biofilm formation is at the bracket-adhesive-enamel junction, an area that is

difficult to clean by daily brushing12,13. Oral biofilms at this junction not only cause

damage to oral hard and soft tissues but also weaken the bond strength of

adhesives14-16. Excessive adhesive around brackets especially provide a site for

the rapid adhesion and growth of bacteria17. Furthermore, the surface of an

orthodontic adhesive is often rough, with a gap of around 10  m at the adhesive-

enamel interface due to polymerization shrinkage. This provides adhering bacteria

with a protected site against oral cleansing forces13,18,19. Consequently, the

bracket-adhesive-enamel junction is a critical site for bacterial adhesion and biofilm

formation in orthodontic patients.

Adhesion forces determine the ability of adhering oral bacteria to withstand oral

detachment forces, i.e. forces exerted by tooth-brushing, mastication, salivary flow

or tongue movement. These adhesion forces can be directly measured using

atomic force microscopy (AFM), either by immobilizing bacteria on a substratum

surface and probing the cell surface with the AFM tip, or by attaching bacteria to a

cantilever to constitute a bacterial probe to examine interactions with orthodontic



123

materials20-22. Bacterial adhesion forces can be further decoupled into hydrogen

bonding contributions and nonspecific forces23-25 to provide insights into the

mechanism and nature of bacterial adhesion to substrata.

The studies in this thesis measured and analyzed bacterial adhesion forces

mediating biofilm formation to orthodontic materials, constituting the bracket-

adhesive-enamel junction, and investigated the nature of bacterial bond

strengthening on enamel and stainless steel. Moreover, the influence of surface

roughness of adhesives on bacterial adhesion forces was investigated and an

antimicrobially modified adhesive was developed by incorporation of a quaternary

ammonium compound for the prevention of orthodontic biofilm formation.

Bacterial adhesion forces to orthodontic materials

For a better understanding of the mechanism and nature of bacterial adhesion to

orthodontic materials, we firstly measured the adhesion forces of different oral

bacterial strains to materials constituting the bracket-adhesive-enamel junction

using AFM in the absence and presence of a salivary conditioning film. Secondly,

we investigated bacterial adhesion forces in relation to physicochemical properties

of the orthodontic materials and bacterial strains.

Bacterial adhesion involves an interplay of various physicochemical properties

of substratum and bacterial cell surfaces as well as local environmental

conditions26. The three materials studied in this thesis, stainless steel, composite,

and enamel, possess different roughnesses, hydrophobicities, and chemistries

(Chapter 2). Composite, with the roughest and most hydrophobic surface, exerted

the strongest adhesion forces. Saliva-coated materials, with smoother and more

hydrophilic surfaces, showed weaker adhesion forces. We demonstrated that

increased surface roughnesses of composites lead to increasing bacterial adhesion

forces. This might be due to the fact that the rougher surfaces provide bacteria with

more extensive contact areas to form bonds contributing to stronger adhesion
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forces18,27-30. Moreover, water is more easily removed from the interface between

bacteria and a hydrophobic material than between bacteria and a hydrophilic

material31-34, which increases the bond strength as the presence of water

attenuates the attractive Lifshitz-Van der Waals forces. Similarly, increasing

adhesion time will stimulate the formation of strong and irreversible bonds between

bacteria and surfaces due to an increase in bacterial adhesion forces, as confirmed

by our results. The influence of the materials chemistries on bacterial adhesion

forces is reflected directly in the force values measured, and indirectly from the

effects of salivary conditioning films on the adhesion forces found (Chapter 3 and

Chapter 4).

The development of multi-species oral biofilms in vivo follows a well-sequenced

spatio-temporal pattern26,35-39, in which late colonizers, such as the more cariogenic

strains used in this thesis, do not adhere directly to the substratum surface but to

initial colonizers already adhering on the surface. In order to ensure successful and

stable biofilm formation, the initial colonizers must adhere more strongly to the

substratum surface than late colonizers. This may be a manifestation of the division

of labor and the cooperation among bacteria in a microbial community, as

illustrated also in previous studies40,41. In fact, it may constitute the reason why

adhesion forces of initial colonizers are significantly stronger than those of late

colonizers.

The nature of bacterial adhesion forces to orthodontic materials

The nature of the adhesion force can be analyzed by Poisson analysis of the AFM

retract force-distance curves of bacterial probes from surfaces. The adhesion force

can be decoupled into a short-range hydrogen bonding contribution (FH-bond) and a

long-range non-specific force (FNon-specific)24,25,37. The FNon-specific, including Lifshitz-

Van der Waals and electrostatic forces, work instantaneously upon approach of the

interacting surfaces. In contrast, the development of FH-bond is a time-dependent,
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stereo-chemical interaction, requiring close approach and full removal of the

interfacial water from the gap in between the interacting surfaces31. Therefore,

bacterial bond strengthening as reported in our studies, is governed by FH-bond on

both non-conductive enamel surfaces and conductive stainless steel surfaces. This

bond strengthening occurred in tens of seconds, leading to significantly stronger

adhesion forces and explaining the transition from initially reversible to the more

irreversible adhesion of bacteria to surfaces32,37.

Due to the forced nature of AFM contact, the non-specific force contribution

has hitherto turned out to be repulsive on non-conductive surfaces, such as glass

and silicon nitride25,31. Our findings, in line with this, indicated that FNon-specific was

repulsive on the non-conductive surfaces of enamel and saliva-coated stainless

steel. However, interestingly and for the fist time, we found that the FNon-specific on

conductive surfaces of stainless steel were attractive. Approach and retract force-

distance curves deviated dramatically at close distance (20-40 nm) in contrast to

the approach and retract curves on non-conductive enamel and saliva-coated

stainless steel surfaces, which overlapped (Chapters 3 and Chapter 4). We

contribute this difference to charge transfer between bacteria and conductive

surfaces upon contact, and the attraction between the negatively charged

streptococci and positive image charges in the conductive material. Our findings

presented a new mechanism of bacterial adhesion to conductive materials, and

indicated that special considerations may be needed for the development of

preventive measures on metallic surfaces.

Previous studies reported slightly smaller FNon-specific and FH-bond values between

Escherichia coli and silicon nitride AFM tips25. It is not clear whether the different

results are due to the fact that those experiments were carried out with a small

AFM tip on a bacterial cell surface, while we used a much larger streptococcal

probe on a salivary conditioning film. Also different bacterial strains may adhere

with completely different characteristics. Whether Poisson analysis truly yields a

single FH-bond instead of a total FH-bond originating from a single characteristic
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molecular moiety on the bacterial cell surface is currently not certain. These

uncertainties provide a broad perspective for future research on the mechanisms of

bacterial adhesion forces.

Biofilm prevention by modification of orthodontic adhesives

Development of orthodontic materials attracting less bioÞlms has been a goal for

decades. Attempts have been made to develop effective antimicrobial adhesives to

prevent orthodontic biofilms42,43. Yet, till date no commercial products have been

available for orthodontic patients.

Different antimicrobial agents, including fluoride, chlorhexidine, cetylpyridinium

chloride, benzalkonium chloride, 12-methacryloyloxydodecyl pyridinium bromide,

and casein phosphopeptide-amorphous calcium phosphate, have been

incorporated into orthodontic adhesives for biofilm prevention44-54. Most of these

modifications largely depend on the release kinetics of the antimicrobial

components in saliva. Due to the wash-out effect in vivo, a minimal inhibitory

concentration preventing oral microbial growth often exists only for a short period of

time in the oral cavity. For instance, the release of fluoride and chloride from

adhesives showed a burst release during the first two weeks, followed by a much

lower tail-release44,51. A relatively long-term antibacterial activity has been obtained

by incorporating nanoparticles into adhesives, including silica, silver,

polyethyleneimine, zinc oxide, and quaternary ammonium polyethylenimine

nanoparticles54-57. However, the safety of nanoparticles for human use is still a

matter of controversy54,58. Moreover, the orthodontic appliances remain in the oral

cavity often for several years, exceeding the reservoir capacity that the small

volume of adhesives could offer. The results in this thesis showed that a non-

leaching contact-killing composite adhesive modified by a non-bactericidal

monomer of quaternary ammonium compound (QAC, 3-(methacryloylamino)propyl

trimethylammonium chloride) may provide a better solution for orthodontic
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applications than modifications of adhesives based on release of antibacterial

substances (Chapter 6).

QAC monomers can be polymerized within the composite resin to form a

cationic surface59. The mechanisms of action of polycations involve disruption of

the integrity of the bacterial membrane. The most quoted theory hypothesizes that

cationic polymers coated on a surface can penetrate bacterial membranes leading

to contact-killing, depending on their molecular length60,61. The cationic QAC

monomer used in our study is not long enough to penetrate the bacterial

membrane, resulting in non-bactericidal effects. After being chemically polymerized

with the composite molecules, the cationic chains were bound chemically within the

composite and were thereby prolonged and long enough to kill bacteria without

leaching from the composites59,62. This mechanism of contact-killing led to reduced

bacterial growth, and although attenuated, was still significant after coating the

modified composite with a salivary conditioning film. Another mechanism

hypothesizes that the disruption of the integrity of the bacterial membrane is

caused by a counterion exchange between a highly charged cationic surface and

structurally critical mobile cations within the membrane. A minimum charge-density

is necessary for optimum efficiency of QAC cationic surfaces and also depends on

growth state and bacterial strain involved62,63. In our study, at a low QAC

concentration, the charge-density of the cationic surface was not high enough for

bacterial killing, but showed a growth inhibition. To date, it is still unclear whether

the contact-killing of QAC cationic surface is through penetration into the bacterial

cells or an electrostatic mechanism based on the exchange of counterions between

the functionalized cationic surface and the bacterial membrane62,63, or both. Further

insight into the mechanisms of contact-killing of QAC cationic surfaces is a

promising field to explore.

Other QAC monomers such as methacryloyloxydodecyl pyridinium bromide

(MDPB) incorporated in restorative composite also demonstrated antibacterial

properties. The monomer of MDPB, however, was bactericidal with a potential
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harm to cells in vivo if not being thoroughly polymerized59,64. The QAC monomer in

our study is only bactericidal after polymerization, and therefore overcomes this

weakness.

The polymerization between QAC monomers and composite molecules

produces a crosslinked polymer network, resulting in a non-leaching contact-killing

surface. On the other hands, crosslinking decreased the density of the adhesive,

leading to a significant loss of its mechanical properties, although it is not clear

what the clinically acceptable limit is. Research is ongoing in our team to improve

the mechanical bonding strength of the QAC modified composites.

Clinical implications and future research

The findings of this thesis provide fundamental information for understanding the

mechanism and prevention of bacterial adhesion on orthodontic materials, and may

therewith be of considerable value to clinical practice.

Since our study shows that surface roughness increases the bacterial

adhesion forces, it would be desirable that orthodontists minimize the adhesive

surface roughness by smoothing, polishing, or varnishing after bonding. This is a

simple yet efficient way to reduce bacterial adhesion at the bracket-adhesive-

enamel junction. Orthodontic material manufacturers might also provide additional

procedures to decrease the surface roughness of their products for clinical

practice.

Although the hydrophobicities of stainless steel, adhesives, and enamel were

different, the salivary conditioning film decreased this difference significantly and

therewith also the bacterial adhesion forces. This indicates that the development of

antibacterial modification of orthodontic materials should always take the effects of

a salivary conditioning film into account. As the adhesion forces of initial colonizers

were significantly stronger than those of the more cariogenic strains, while

adhesion of initial colonizers is determinant for the strength of adhesion of the
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overlaying biofilm structure65, future research should be directed toward prevention

of the adhesion of initial colonizers.

The long duration of orthodontic treatments and salivary flow in the oral cavity

favor orthodontic materials with non-leaching, long lasting bactericidal properties.

The modification of an orthodontic adhesive with a quaternary ammonium

compound provided efficient contact-killing, with promising prospects for clinical

application. Future research to enhance the mechanical strength by improving the

processing conditions, i.e. curing the samples at a higher temperature, or adding a

diacrylate to increase the density of crosslinking, would be approaches worth

exploring.
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Summary

The placement of orthodontic appliances impedes the maintenance of proper oral

hygiene in most orthodontic patients, provides oral bacteria with numerous

surfaces to adhere, and changes the oral microflora. Bacterial adhesion and biofilm

formation can cause a variety of serious problems during orthodontic treatment,

such as enamel demineralization and soft tissue inflammation. Understanding

bacterial adhesion forces to orthodontic materials is an important challenge in both

clinical and fundamental orthodontics and allows for the development of preventive

measures. Chapter 1 reviews biofilm formation and preventive measures in

orthodontics. In the first part, the composition and mechanisms of orthodontic

biofilm formation are addressed. Influential factors on biofilm formation are

presented from the aspects of orthodontic materials, including brackets, adhesives,

ligating devices, arch wires, and retainers. In the second part, possible clinical

consequences of orthodontic biofilms and the most prevalent complications such

as enamel white spot lesions and gingival inflammations are discussed. In the third

part, treatment and preventive measures are described. Treatments of enamel

demineralization and soft tissue inflammation are summarized. Recent progresses

in both fundamental research and clinical practice are elaborated upon. Preventive

measures toward orthodontic biofilm formation include mechanical removal,

chemical control, and modification of orthodontic materials by incorporation of

antimicrobial agents. The review ends with a discussion on the challenges and

opportunities in orthodontic biofilm research for the future.

Clinical observations indicated that the bracket-adhesive-enamel junction is the

most crucial and vulnerable site for bacterial adhesion. Bacterial adhesion forces

determine the stability of biofilms formed at the junction site. In Chapter 2, the

adhesion forces of nine oral bacterial strains, including both initial colonizers and

cariogenic strains, to three materials constituting the bracket-adhesive-enamel

junction are measured using atomic force microscopy (AFM), in the presence and

absence of a salivary conditioning film. Physicochemical properties of these
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materials are investigated to explore the relationship between bacterial adhesion

forces and orthodontic materials. Our results showed that the roughest adhesives

exerted the strongest adhesion forces, followed by stainless steel and enamel in

the absence of a salivary conditioning film. The salivary conditioning film

significantly reduced both the bacterial adhesion forces to all the materials, and

also the differences in adhesion forces between the materials. In general, the initial

colonizers (Streptococcus mitis, Streptococcus sanguinis, Streptococcus oralis and

Actinomyces naeslundii) adhere stronger than cariogenic bacterial strains

(Streptococcus sobrinus, Streptococcus mutans and Lactobacillus acidophilus).

In Chapter 3 we investigated the nature of bacterial bond strengthening on

saliva-coated enamel. Streptococcal adhesion forces increased from about -0.7 nN

to -10.3 nN at 0 s to 120 s contact with saliva-coated enamel. Initial colonizers of

saliva-coated enamel surfaces (S. mitis, S. sanguinis) have stronger adhesion

forces than the more cariogenic strains (S. sobrinus, S. mutans). Poisson analyses

decouple the adhesion forces into a hydrogen-bonding force and a non-specific

force contribution, and indicate that the non-specific forces are repulsive, around

+0.3 nN, and hydrogen-bonding forces are attractive, around -1.0 nN for initial and

-0.8 nN for later colonizers. The slightly stronger attractive hydrogen-bonding

forces of initial colonizers are considered to have resulted in the stronger adhesion

forces at both 0 s and 120 s contact with saliva-coated enamel in vitro. The

important transition from reversible to more irreversible adhesion of oral

streptococci to saliva-coated enamel is thus attributed to the progressive

involvement of hydrogen bonds.

Many studies on the nature of bacterial adhesion forces have been performed

on non-conductive surfaces including glass, silicon, and enamel. However, no

study has yet looked into the nature of bacterial adhesion forces on conductive

surfaces such as stainless steel. Therefore, Chapter 4 investigated the nature of

bacterial adhesion forces on stainless steel surfaces using Poisson analysis.

Adhesion forces measured between stainless steel, both in the absence and
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presence of an adsorbed salivary conditioning film, increased with increasing

contact time between the streptococcal AFM probe and the surface. Concurrent

with the increase in adhesion force, there was an increase in the number of minor

force peaks in the retract force-distance curves. Poisson analyses of the adhesion

forces indicated repulsive non-specific Lifshitz-Van der Waals forces for

streptococci adhering to saliva-coated stainless steel, but interestingly and for the

first time, attractive non-specific forces were revealed on stainless steel in the

absence of a salivary conditioning film. We tentatively attribute this to attraction

between the negatively charged streptococci and their positive image charges in

the conducting material, which can not develop in a non-conducting material or in

the presence of a non-conductive protein layer on the stainless steel surface.

Orthodontic adhesive usually possesses a rougher surface than enamel and

bracket surfaces in clinical situations, protecting bacteria against oral removal

forces. In Chapter 5, two most commonly used orthodontic composite resins were

evaluated for the influence of their surface roughness on bacterial adhesion forces.

The surface roughnesses of the composite surfaces were adjusted by grinding and

polishing and amounted 20 nm, 150 nm, and 350 nm in the absence of a salivary

conditioning film, and 17 nm, 80 nm, and 250 nm in the presence of a salivary

conditioning film. The initial adhesion forces in absence of a salivary conditioning

film were between -0.7 and -0.9 nN for the smoother composite resins and

increased to between -1.0 and -2.0 nN for the roughest surfaces. In the presence

of a conditioning film, rougher surfaces still exert stronger adhesion forces,

irrespective of the type of composites or bacterial strains. In conclusion,

streptococcal adhesion forces to orthodontic composite resins increase with

increasing roughness of the composite surfaces. Adhesion forces of S. mutans

were less affected by composite surface roughness than of S. sanguinis.

Chapter 6 is aimed to explore the incorporation of a non-bactericidal monomer

(QAC, 3-(Methacryloylamino)propyl trimethylammonium chloride) in an orthodontic

adhesive. The QAC-modified composite showed strong contact killing of different
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oral streptococcal strains within 15 min, depending on the amount of QAC

incorporated, with the minimal required concentration of QAC between 16% and

20% w/w. Contact killing reduced after coating the modified composite with a

salivary conditioning film, although killing remained significant. No cytotoxic effect

was observed in human skin fibroblast cells in contact with QAC-modified

composites. Bond strength of the composite with enamel surfaces (12 ± 3 MPa)

was negatively affected with increasing amount of QAC incorporated and reduced

to 50% of the original value at 20% w/w QAC in the composite. These results

suggest that QACs can be effectively incorporated in orthodontic composites to

provide bactericidal activity without cytotoxicity. However, it needs to be

established whether the loss of bond strength is clinically acceptable or whether

further modifications are required to restore the bond strength.

In Chapter 7 the main results and conclusions of this thesis and their clinical

implications are discussed, as well as possible new preventive measures based on

the results of this thesis.



140



Samenvatting



142

Samenvatting

Het plaatsen van orthodontische apparatuur in de mond belemmert voor de meeste

orthodontische patiënten het behoud van een goede mondhygiëne. Het biedt orale

bacteriën tal van nieuwe oppervlakken om zich aan te hechten en verandert de

orale microflora. Bacteriële hechting en biofilmvorming tijdens een orthodontische

behandeling kan leiden tot een scala van ernstige problemen, zoals demineralisatie

van glazuur en ontsteking van zachte weefsels. Inzicht verkrijgen in bacteriële

hechtingskrachten aan orthodontische materialen is belangrijk voor zowel

fundamenteel als klinische onderzoek in de orthodontie en zorgt voor de

ontwikkeling van preventieve maatregelen. Hoofdstuk 1 geeft een overzicht van

biofilmvorming en preventieve maatregelen in de orthodontie. In het eerste deel

zijn de samenstelling en de mechanismen van biofilmvorming op en rond

orthodontische apparatuur besproken. Factoren die van invloed zijn op

biofilmvorming worden gepresenteerd aan de hand van specifieke aspecten van

orthodontische materialen, zoals beugels, cement, ligeren van apparatuur, boog

draden en retainers. In het tweede deel worden mogelijke klinische gevolgen van

orthodontische biofilms en de meest voorkomende complicaties, zoals witte vlek

laesies en gingivale ontstekingen, besproken. In het derde deel zijn behandeling

en preventieve maatregelen beschreven. Behandelingen van gedemineraliseerd

glazuur en ontsteking van zacht weefsel worden besproken, alsook recente

ontwikkelingen in zowel fundamenteel als klinisch onderzoek. Preventieve

maatregelen met betrekking tot het controleren van biofilmvorming rondom

orthodontische apparatuur zijn mechanische verwijdering, chemische behandeling

en veranderingen van orthodontische materialen door het toevoegen van

antimicrobiële stoffen. Het hoofdstuk eindigt met een discussie over de uitdagingen

en mogelijkheden met betrekking tot onderzoek naar biofilmvorming rondom

orthodontische apparatuur.
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Uit klinische waarnemingen blijkt dat de overgang van bracket-cement-glazuur

de meest kwetsbare plek is voor bacteriële hechting. Bacteriële hechtingskrachten

bepalen de stabiliteit van biofilms op deze plek. In Hoofdstuk 2 zijn de

hechtingskrachten van negen orale bacteriestammen, zowel initiële kolonisten als

cariogene stammen, op de drie essentiële materialen, bracket-cement-glazuur,

gemeten met behulp van atomaire kracht microscopie (AFM), in de aanwezigheid

en afwezigheid van een speekselfilm. Fysisch-chemische eigenschappen van deze

materialen zijn onderzocht om de relatie tussen bacteriële hechtingskrachten en

orthodontische materiaal oppervlakken vast te stellen. Onze resultaten toonden

aan dat ruwe cement oppervlakken de sterkste hechtingskrachten uitoefenen,

gevolgd door roestvrijstaal en glazuur, bij afwezigheid van een speekselfilm. Een

speekselfilm reduceerde zowel de bacteriële hechtingskrachten op de

verschillende materialen, alsook het verschil in hechtingskrachten tussen de

materialen. In het algemeen hadden de vroege kolonisten (Streptococcus mitis,

Streptococcus sanguinis, Streptococcus oralis en Actinomyces naeslundii) grotere

hechtingskrachten dan de cariogene bacteriestammen (Streptococcus sobrinus,

Streptococcus mutans en Lactobacillus acidophilus).

In Hoofdstuk 3 hebben we de toename van de kracht in de tijd van bacteriële

hechting op glazuur dat bedekt is met speeksel bestudeerd. De hechtingskrachten

van streptokokken in contact met glazuur dat bedekt is met speeksel stegen van

ongeveer -0,7 nN tot -10,3 nN binnen 120 s. De vroege kolonisten op glazuur dat

bedekt is met speeksel (S. mitis, S. sanguinis) hebben sterkere hechtingskrachten

dan de meer cariogene stammen (S. sobrinus, S. mutans). Met behulp van

Poisson analyse, kunnen de hechtingskrachten worden onderscheiden in een

waterstofbrug en een niet-specifieke kracht. De sterkere aantrekkende kracht door

een waterstofbrug van vroegere kolonisten resulteerde in grotere

hechtingskrachten op glazuur dat bedekt is met speeksel, zowel na 0 s als na 120

s. De overgang van reversibele naar irreversibele binding van orale streptokokken
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op glazuur dat bedekt is met speeksel kan derhalve toegeschreven aan de vorming

van waterstofbruggen.

Veel studies met betrekking tot de sterkte van bacteriële hechtingskrachten zijn

uitgevoerd op niet-geleidende oppervlakken zoals glas, silicium en glazuur. Er is

echter nog geen onderzoek gedaan naar de sterkte van bacteriële

hechtingskrachten op geleidende oppervlakken, zoals roestvrijstaal. Daarom is in

Hoofdstuk 4 de sterkte van bacteriële hechtingskrachten op roestvrijstaal

oppervlakken met behulp van Poisson analyse onderzocht. Hechtingskrachten

gemeten tussen de AFM sonde die bedekt is met streptokokken en een

roestvrijstalen oppervlak, zowel in afwezigheid en aanwezigheid van een

geadsorbeerde speekselfilm, werden groter met toenemende contact tijd.

Gelijktijdig met de toename van de hechtingskracht was er een toename van het

aantal kleine pieken in de terugtrekkende kracht-afstand AFM curves. Poisson

analyses van de hechtingskrachten van streptokokken die gehecht zijn aan met

speeksel gecoat roestvrijstaal wijzen in de richting van afstotende niet-specifieke

Lifshitz-Van der Waals krachten. Het interessante was, dat aantrekkende krachten

werden waargenomen tussen streptokokken en roestvrijstaal zonder een

speekselfilm. Wij denken dat dit kan worden verklaard door de aantrekkingskracht

tussen de negatief geladen streptokokken en positieve spiegelladingen in het

geleidende materiaal, die zich niet kunnen ontwikkelen in een niet-geleidend

materiaal of in de aanwezigheid van een niet-geleidende eiwitlaag op het

roestvaststalen oppervlak.

Orthodontisch cement heeft, in klinische situaties, meestal een ruwer oppervlak

dan glazuur en bracket oppervlakken, wat de bacteriën beschermt tegen orale

verwijderingskrachten, zoals speekselvloed en tongdruk. In Hoofdstuk 5 werden

de twee meest gebruikte orthodontische composiet cementen geëvalueerd met

betrekking tot de invloed van hun oppervlakte ruwheid op bacteriële

hechtingskrachten. Verschillende oppervlakte ruwheden van composiet zijn

verkregen door het slijpen en polijsten van de composiet oppervlakken en
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bedroegen 20 nm, 150 nm en 350 nm bij afwezigheid van een speekselfilm, en 17

nm, 80 nm en 250 nm bij aanwezigheid van een speekselfilm. De initiële

hechtingskrachten bij afwezigheid van een speekselfilm lagen tussen -0,7 en -0,9

nN voor de gladde composiet oppervlakken en tussen -1,0 en -2,0 nN voor de

ruwere oppervlakken. Bij aanwezigheid van een speekselfilm bleken ruwere

oppervlakken nog steeds sterkere hechtingskrachten uit te oefenen dan de gladde

oppervlakken, ongeacht het soort composiet of bacteriële stammen die werden

gebruikt. Concluderend, de hechtingskrachten van streptokokken aan

orthodontische composiet nemen toe met toenemende ruwheid van het composiet

oppervlak. Hechtingskrachten van S. mutans werden minder beïnvloed door

composiet oppervlakteruwheid dan van S. sanguinis.

Hoofdstuk 6 bestudeert de integratie van een niet-bactericide monomeer

(QAC, 3-(methacryloylamino) propyl trimethylammoniumchloride) in een

orthodontische composiet. Het QAC-gemodificeerde composiet resulteerde, bij

contact, in sterke doding van orale streptokokken binnen 15 min, afhankelijk van

de hoeveelheid QAC in het composiet, met als minimaal vereiste concentratie 16%

tot 20% (w/w). Het doden van streptokokken door contact met het composiet nam

weliswaar af wanneer het gemodificeerde composiet was gecoat met een

speekselfilm, maar het dodend effect was nog steeds significant aantoonbaar. Er

werd geen cytotoxische effect waargenomen van QAC-gemodificeerde

composieten voor fibroblasten van de huid. De hechtingssterkte van het composiet

met het glazuuroppervlak (12 ± 3 MPa) werd kleiner met een toenemende

hoeveelheid QAC in het composiet en daalde tot 50% van de oorspronkelijke

hechtingssterkte als er 20% (w/w) QAC in het composiet was gemengd. Deze

resultaten impliceren dat QACs effectief kunnen worden geïntegreerd in

orthodontische composieten om bactericide activiteit zonder cytotoxiciteit te

bieden. Desalniettemin moet worden vastgesteld of het verlies in hechtingssterkte

klinisch acceptabel is of dat er aanvullende modificaties van het composiet nodig

zijn om de hechtingssterkte te vergroten..
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In Hoofdstuk 7 worden de belangrijkste resultaten en conclusies van dit

proefschrift en hun klinische implicaties besproken, evenals mogelijke nieuwe

preventieve maatregelen op basis van de resultaten van dit proefschrift.
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