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CHAPTERR 1 

Generall  Introductio n 

Problemss associated with orthodontic appliances 

AA persistent concern associated with the widespread use of orthodontic appliances 
iss the accumulation of plaque and the subsequent problems related to this plaque 
accumulation.. The presence of orthodontic appliances, such as bands, brackets 
andd arch wires, often makes toothbrushing and cleaning difficult so plaque is 
moree likely to develop and accumulate around these appliances while they are in 
place.. Several overviews have discussed this issue [1-4]. It has been shown that 
similarr amounts of plaque accumulate around bands or brackets, however, with 
brackets,, the plaque accumulation tends to surround the brackets, while the 
bandedd teeth accumulate plaque more at the gingival margins [5]. Gwinnett and 
Ceenn [6,7] have demonstrated extensive patterns of new plaque accumulation 
associatedd with bonded orthodontic brackets. Plaque can result in detrimental 
effectss on periodontal health [3] and cause decalcification of tooth enamel [1,2,4]. 
Increasess in organisms associated with caries development have been found both 
inn plaque [8-10] and saliva [11,12] of patients after the placement of orthodontic 
appliances. . 

Demineralizationn around orthodontic appliances can result in white spot lesions 
withinn one month after placing the appliances [13-15], and can persist for years 
followingg removal [16]. Factors such as a topical fluoride regime or patient oral 
hygienee may affect the incidence of white spot lesions during orthodontic 
treatmentt [2], In one study, where patients were not on a preventive fluoride 
programm other than routine use of fluoride toothpaste, 49.6% of patients and 
10.8%% of teeth had white spot lesions after orthodontic bracket removal [17]. In a 
controll  group of patients, examined prior to placement of orthodontic appliances, 
24%% of patients and 3.6% of teeth had at least one white spot lesion in a location 
thatt might be similar to those that develop during orthodontic treatment. In 
anotherr study, where orthodontic patients were examined more than five years 
afterr their appliances were removed, a significant increase in the teeth with white 
spott lesions was found compared to the untreated control patients [16]. This 
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occurredd even though the patients had been instructed to use both a fluoride 
toothpastee and a 0.05% NaF rinse on a daily basis. The fluoride content in the 
drinkingg water was low, < 0.1 ppm. Of the maxillary teeth that had brackets, the 
overalll  percentage with white spot lesions was 17.9%, while the same teeth in the 
controll  group had only 4% with white spot lesions. In the mandibular teeth, the 
comparablee percentages were 20 and 4.1. This represents a 3 to 4-fold increase in 
whitee spot lesions for patients having had orthodontic brackets. For the teeth that 
weree most susceptible to development of white spot lesions, such as the maxillary 
laterall  incisor or mandibular canine, there was closer to a 10-fold increase in 
whitee spot lesions. In the study by Gorelick, et al. [17], these same two teeth, the 
maxillaryy lateral incisor and the mandibular canine, had the greatest frequency of 
whitee spot formation at 23.0 and 18.0% respectively, while for the control group, 
thesee two teeth developed white spot lesions at the rate of 7.0 and 1.0% 
respectively.. These studies indicate that white spot lesions are a significant 
problemm associated with orthodontic treatment. 

Preventivee measures 

RemovalRemoval of plaque and prevention of plaque growth 
Sincee enamel demineralization that leads to white spot lesions is related to plaque 
accumulation,, the mechanical removal of plaque through toothbrushing and 
flossingflossing is of utmost importance. Meticulous oral hygiene has been shown to 
reducee the incidence of white spot lesions and has been discussed in several 
reviewss [1,2,4]. However, these authors point out that it is difficult to establish 
andd maintain such an oral hygiene regimen, due not only to the physical 
limitationss imposed by the orthodontic appliances, but also to patient compliance. 

Thee use of antimicrobial agents to control plaque growth is another method for 
controllingg demineralization as well as periodontal related problems. The agent 
thatt has been most often investigated is chlorhexidine [2,3]. It has been shown 
effectivee against Streptococcus mutans, which is associated with caries, but not 
againstt lactobacilli which are also implicated in the caries process [12]; S. mutans 
wil ll  however reestablish in a matter of weeks if not retreated. Compliance can 
alsoo be a problem given the objectionable taste and the brownish stain that 
developss upon use. 
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Sealants Sealants 
AA method for prevention of enamel demineralization that doesn't rely on patient 
compliancee is that of sealing the tooth enamel surrounding the orthodontic 
appliancess where plaque tends to accumulate. Several in vitro studies showed that 
chemicallyy cured unfilled resins were not able to provide complete sealing [18-
20].. Failure was attributed to oxygen inhibition of polymerization of the resin 
film.. These studies were only interested in curing a film on the enamel and did 
nott investigate the effect on demineralization of enamel. However, in a clinical 
trial,, a viscous chemically cured sealant placed around the orthodontic brackets 
reducedd the number of teeth having decalcification by 38.7% compared to 
unsealedd control teeth [21]. Presumably this was due to the thick film being more 
resistantt to oxygen inhibition, since a non-viscous light-cured resin showed only a 
4%% improvement over an unsealed control. 

Otherr in vitro studies have shown that complete cured films can be formed on 
enamell  surfaces with UV and visible light-cured systems, and demineralization 
wass eliminated except in instances where minor defects existed in the cured film 
[22-24].. However, a recent clinical study using a fluoride-releasing light-cured 
resinn sealant applied around brackets did not reduce the incidence of 
demineralizationn compared to an unsealed control [25]. The authors suggest that 
difficultyy in applying the viscous resin and the near proximity of the brackets to 
thee gingival tissue could have resulted in contamination and inadequate attachment 
off  the sealant. 

Twoo other in vitro studies using UV light-cured resins also showed some degree of 
protectionn from demineralization by subsurface resin tags that remained in the 
etchedd enamel after removal of the cured outer surface film [26,27]. In these 
studies,, the presence of a cured outer film, prior to its removal, assured good 
polymerizationn of the subsurface resin tags. 

Fluoride Fluoride 
Thee caries preventive effect of fluoride in dentistry is well recognized and has 
beenn the subject of several recent reviews [28-31]. It has been pointed out that 
fluoridee inhibits demineralization of the enamel crystallites and enhances 
remineralizationn of the surface of the crystallites with a more stable fluoride-
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substitutedd apatite layer. In vitro studies have suggested that relatively low levels 
off  fluoride in saliva and plaque fluids are needed to provide this benefit [32-34]. 
Initiall  salivary and plaque concentrations can be elevated substantially by the use 
off  a fluoride-containing dentifrice or rinse, but salivary clearance reduces the 
concentrationn to near baseline levels after about one hour [35-37]. However, 
regularr use of a fluoride-containing dentifrice [37] or a fluoride-containing rinse 
[38]]  results in an equilibrium level of salivary and plaque fluoride that is elevated 
comparedd to baseline by an amount directly related to the concentration of 
fluoridee in the dentifrice or rinse. In a 3-year clinical trial, plaque fluoride was 
increasedd in relation to the concentration of fluoride in the dentifrices used, and 
theree was an inverse relationship between these plaque fluoride levels and 3-year 
cariess increments [39]. In another study, initially caries-free children were 
examinedd over a period of 4 years and children with high salivary fluoride levels 
weree more frequently caries-free [40]. 

Despitee the ability of fluoride-containing dentifrices to reduce caries occurrence, 
theirr use has been found to be insufficient to prevent lesion formation surrounding 
orthodonticc brackets in a 1-month duration in vivo study [14,41]. In one of these 
studiess [14], the addition of a 0.05% NaF rinse eliminated lesion formation, but it 
shouldd be noted that compliance with the use of the NaF rinse was very high. Two 
clinicall  studies also found a reduction in the incidence of white spot lesions 
associatedd with the use of a 0.05% NaF rinse, particularly if compliance was good 
[42,43].. In both studies, there was a clear relationship between white spot lesion 
formationn and compliance with the recommended daily use of the fluoride rinse. 
However,, compliance in these studies was generally poor with only about 13-27% 
off  patients having excellent compliance. 

Fluoride-releasingg bracket materials 

ModelModel studies 
Bondingg of orthodontic brackets with fluoride releasing materials, that can provide 
fluoridee at the site, has appeal given the problems cited above in regard to 
compliancee with the use of topical fluoride regimens. The critical factor for such 
aa material is that it delivers adequate fluoride to the surrounding enamel to prevent 
demineralizationn throughout the course of treatment. The caries preventive effects 
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off  fluoride releasing materials have been the subject of several reviews [44-46]. 
Twoo in vitro studies looked at the ability of fluoride releasing materials to prevent 
demineralizationn of enamel adjacent to brackets bonded with these materials in an 
acidicc challenge [47,48]. In both studies, the fluoride releasing materials 
protectedd the enamel from demineralization in a zone next to the bracket, the 
widthh being dependent on the level of fluoride release. A composite control had 
demineralizationn up to and undermining the bracket. Two other in vitro studies 
examinedd the ability of fluoride releasing materials to remineralize an initial 
lesionn adjacent to either an orthodontic band [49] or bracket [50]. These 
specimenss were cycled between an acidic medium and an artificial saliva 
containingg no fluoride. In each of the studies, remineralization was observed with 
thee fluoride releasing material, while the non-fluoride control material showed 
lesionn growth. These studies show evidence that this approach could be of value 
inn orthodontic practice. 

Inn a rat model, miniature orthodontic brackets were bonded with either a fluoride 
releasingg resin or a non-fluoride releasing control resin, and were compared to rats 
wheree no brackets were bonded [51]. The rats were infected with S. sobrinus 
67155 and fed a moderately cariogenic diet and non-fluoridated water. After 54 
days,, the rats were sacrificed, the teeth examined and the mean percentage of 
linguall  surfaces affected was determined. In the animals with no brackets, there 
weree no decalcified surfaces, while the group bonded with fluoride-releasing resin 
hadd 4.7% of surfaces with decalcification and the non-fluoride resin control group 
hadd 35.7% showing decalcification. 

Ann in vivo model using orthodontic bands compared two glass-ionomer cements 
andd a cement that did not contain fluoride in a model that was meant to simulate 
conditionss that would exist under an orthodontic band in areas where cement was 
missingg [52]. Bands were cemented on premolars leaving a 6 mm wide gap where 
plaquee could accumulate during the 4-week study. After extraction, the teeth were 
sectionedd and examined by microradiography. A significant reduction in lesion 
depthh and mineral loss was found for the enamel surfaces of the two glass-
ionomerr cemented groups compared to the group where the non-fluoride cement 
wass used. In another in vivo study [41], brackets were bonded to premolars with 
eitherr a resin-based composite or a fluoride releasing resin-based composite. 
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Afterr 4 weeks, these teeth were extracted and the enamel was examined by 
microradiography.. Lesion depth and mineral loss adjacent to the bracket were 
significantlyy less when the fluoride-releasing resin-based composite was used 
comparedd to the regular resin-based composite. These models also indicate that 
thiss approach may be feasible for preventing white spot lesions. 

ClinicalClinical studies 
AA relatively small number of clinical studies have been published in which the 
effectt of a fluoride releasing bracket adhesive on demineralization during 
orthodonticc treatment have been studied [53-60]. Table 1 provides a summary of 
thee results found from these studies. Each of the studies compared a non-fluoride 
resin-basedd composite control to fluoride releasing materials that included fluoride 
releasingg resin-based composites (C), compomers (cmpr), conventional glass-
ionomerss (GI) and resin-modified glass-ionomers (RMGI). Assessment of 
decalcificationn was made at debonding after the full course of orthodontic 
treatmentt and ranged from 13 to 22 months. Where data was available, the 
incidencee of white spot lesions as a percentage of teeth is also given, and for each 
off  the studies, differences in white spot incidence between test and control 
materialss are identified as significant (S) or not significant (NS). None of the 
clinicall  studies provided fluoride release data for the test material, however, the 
fluoridefluoride release for most of these materials has been examined in other studies and 
iss discussed in the next section. It is assumed that patients in all studies used a 
fluoridatedfluoridated toothpaste, but this was not specified in all studies and in only 2 of the 
studiess [55,57] was a fluoride rinse specifically recommended, but no measure of 
compliancee was provided. 

Onlyy 3 studies showed a significant reduction in white spot lesion incidence for 
thee fluoride releasing materials. 

Fluorid ee release 

AA number of in vitro studies have examined fluoride release into water for 
materialss used for orthodontic bracket bonding [61-73]. These studies provided 
informationn in a number of different units. For purposes of comparison, these 
dataa were converted to a single unit (ug/cm2) using exact numbers where available, 
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orr estimated values taken from release profiles presented in the publication. An 
arbitraryy time of 7-days was chosen to provide a relative comparison of the 
amountt of fluoride released by each material, and these data are given in Table 2. 
Bothh the cumulative amount of fluoride released in 7 days, and the amount 
releasedd in a 24-hour period at 7 days is provided. 

Fromm this data and the previous discussion of clinical study results, it is interesting 
too note that, in general, for the fluoride releasing materials that release very low 
levelss of fluoride, there was no evidence of a protective effect from the material. 

Thee above studies examined fluoride release into water, but in vivo, the release 
wouldd be into saliva or plaque fluid. In vitro studies have shown that the amount 
off  fluoride released into an artificial saliva medium is 30 to 40%% of that released 
intoo water [74,75]. It has been suggested that this reduction is caused by 
precipitationn of CaF2 onto the surface of the material forming a physical barrier to 
fluoridee release. This could be a factor in vivo, however, for practical purposes, 
dataa for release into water is more readily available. 

Bondingg brackets to enamel with fluoride-releasing materials 

Inn the discussion above, the merits of a fluoride-releasing bracket material were 
reviewedd in the context of prevention of enamel demineralization. However, it is 
clearr that the material must provide adequate retention of the brackets to enamel 
too be a viable material. 

Resin-basedd composite materials have been traditional for bonding brackets and 
therefore,, provide a benchmark forjudging other newer materials. Clinical failure 
ratess using such materials are typically found to be in the 4 to 10% range [76,77], 
particularlyy for the incisors through the first premolars, with somewhat higher 
failuress occurring in the more posterior regions. Laboratory bond strength 
measurementss are most frequently done by a shear-peel method, where the forces 
aree applied to the wings of the bracket. Typical bond strengths using this test 
rangee from 4 to 11 MPa [78,79]. Estimates of the minimum clinically acceptable 
bondd strength have ranged from about 1.4 to 8 MPa [80-82]. In another study, 
Mitchelll  et al. [83], using a Weibull analysis, have speculated that the maximum 
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Tablee 2 
FluorideFluoride release into water 

Reference e 

Foxx [61] 
(1990) ) 

Chadwick,, et al [62] 
(1995) ) 

Wiltshire,, et al [63] 
(1995) ) 

Young,, et al [64] 
(1996) ) 

Trimpeneers,, et al [65] 
(1998) ) 

Teminn [66] 
(1988) ) 

Gillgrass,, et al [67] 
(1999) ) 

Schmalz,, et al [68] 
(1997) ) 

Aboush,, et al [69] 
(1998) ) 

Verbeeck,, et al [70] 
(1998) ) 

Monteith,, et al [71] 
(1999) ) 

Karantakis,, et al [72] 
(2000) ) 

Evrenol,, et al [73] 
(1999) ) 

Testt material 

Ketacc Cem 
Direct t 

Ketacc Fil 
Vitrabond d 
FluorEver r 
Lightt Bond 
Rely-a-Bond d 
Rightt On 

FluorEverr OBA 

Ketacc Fil 

Ketacc Cem 
Orthon n 
FluorEver r 

FluorEver r 

Ketacc Cem 

Ketacc Fil 
Vitremer r 
Fujii  II LC 
Dyract t 

Vitremer r 
Fujii  II LC 

_Dy_ract__ _ 

Ketacc Fil 
Vitremer r 

_J2Yract_ _ 

Vitremer r 
Dyractt Ortho 

Vitremer r 
Fujii  II LC 
Dyract t 

Fujii  Ortho LC 
Vitremerr Ortho 

7-dayy cumulative 
(ug/cm2) ) 

125 5 
12 2 

127 7 
163 3 
52 2 

11.5 5 
6.4 4 
2.4 4 

55 5 

64 4 

80 0 
16 6 
80 0 

70 0 

51 1 

NA A 
NA A 
NA A 
NA A 

180 0 
180 0 
NA A 

98 8 
43 3 
16 6 

90 0 
18 8 

190 0 
172 2 
19 9 

25 5 
88 8 

7-dayy daily rate 
(ug/cm2/day) ) 

10 0 
0.8 8 

NA A 
NA A 
NA A 
NA A 
NA A 
NA A 

2 2 

5 5 

6 6 
1.2 2 
3.2 2 

5 5 

3.6 6 

NA A 
8.3 3 
NA A 
2 2 

10 0 
10 0 
0.8 8 

7 7 
2.7 7 
1.2 2 

5.7 7 
0.9 9 

9 9 
10 0 
0.8 8 

2.2 2 
6 6 
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loadd that the brackets are subjected to is at the lower end of this range. In a study 
byy Willems et al [79], 22 commercially available resin-based composite bracket 
bondingg materials were tested with a single bracket using the shear-peel method, 
andd the range of bond strengths measured was 4.1 to 9.9 MPa, with a mean and 
standardd deviation of 6.75 MPa (1.44). The highest value was obtained with the 
Concisee orthodontic system which has frequently been used as the control 
materiall  in laboratory testing. When this same system was tested in a shear-only 
test,, where the force was applied to the bracket at the point that it meets the 
enamell  surface and then directed parallel to the surface, the bond strength has 
beenn shown to be about 29 MPa [84]. This latter method of applying a shear force 
iss more traditional in measuring bond strengths of materials to enamel. Not only 
iss the method of testing a factor in determining the bond strength, but for the case 
off  the shear-peel test, the type of bracket used has a strong influence. When 28 
differentt brackets were bonded to a metal bar with the Concise orthodontic 
bondingg system, the shear-peel bond strength ranged from 1.6 to 13.9 MPa [85]. 
Obviously,, a wide range of bond strengths may be obtained by combining various 
materialss and various brackets in a shear-peel test, however, one must assume that 
sincee all of these materials are commercially available and used for bracket 
bonding,, certain combinations can be successfully used clinically Because of 
this,, it is not possible to specify a bond strength number that will represent a 
clinicallyy acceptable material, but only a range of bond strengths that should 
representt a clinically acceptable material. 

Severall  studies have looked at fluoride-releasing resin-based composite materials 
ass bracket bonding materials, and as might be expected, the bracket bonding 
failuree rate was comparable to the resin-based composite control materials used in 
thee studies [55-57]. 

Brackett bond strengths of conventional glass-ionomers to enamel have been 
reviewedd by Millet and McCabe, who found them to be substantially lower than 
forr resin-based composite materials [86]. A recent study of 7 glass-ionomer 
cementss confirmed that result [87]. Millet and McCabe [86] also observed that 
withh conventional glass-ionomers, the debonding failures typically occur 
adhesivelyy between the bracket and cement. This is likely due to the relatively low 
fracturee strength of conventional glass-ionomers. Bond strengths to enamel cited 
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inn these two references were usually one-half or less of that found for resin-based 
composite. . 

Severall  conventional glass-ionomers have been tested in clinical studies with 
brackett failure rates being substantially greater than for a resin-based composite 
controll  (Table 3). The lower bond strengths of conventional glass-ionomers 
comparedd to resin-based composites appear to be reflected in the clinical bracket 
bondingg failure rate, which is typically greater for the glass-ionomers. 

Improvedd physical properties have been found for the newer resin-modified 
glass-ionomerss compared to conventional glass-ionomers [95,96]. The improved 
fracturee strength of RMGI's might be expected to result in a higher bond strength 
thann typically found for conventional glass- ionomers. Table 4 shows measured in 
vitroo bond strengths to enamel for the most frequently tested RMGI, Fuji Ortho 
LC,, under various conditions. Seven of the studies listed in the table compared 
thee bond strength of Fuji Ortho LC to one or more resin-based composite control 
materials.. There was littl e difference seen between the RMGI and the controls 
whenn the enamel surfaces were conditioned. It is interesting to note that while the 
bondd strengths between RMGI and the controls were similar, the enamel 
conditioningg for the Fuji Ortho LC was quite different, most often using 10% 
polyacrylicc acid (PAA) conditioner rather than the 37% phosphoric acid (PA) as 
typicallyy used with the control resin-based composites. Conditioning with PAA or 
PAA substantially increased the bond strength for the RMGI materials compared to 
noo enamel pretreatment. It can also be noted that ground enamel resulted in 
higherr bond strengths than enamel that was pumice cleaned only. 

AA small number of clinical studies have examined retention rates of RMGI's 
comparedd to resin-based composite controls over periods of about one year. Both 
thee chemical and light-cured versions of the GC Fuji Ortho bonding system were 
tested,, and the results are shown in Table 5. From these studies it appears that 
conditioningg results in failure rates that are comparable to the failure rates of the 
resin-basedd composite controls. Although the results are mixed when the enamel 
surfacess are not conditioned, there is a tendency toward greater failure rates 
comparedd to the controls. The fact that laboratory bond strengths are substantially 
improvedd with conditioning would support this observation. 
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Thee bond strength results and the limited clinical results may support the use of 
RMGII  as a replacement for traditional bracket bonding materials. However, it is 
unfortunatee that the clinical studies for these materials, as well as those done on 
conventionall  glass-ionomers, have not provided much information on their 
usefulnesss in reducing decalcification adjacent to brackets. 

Anotherr category of fluoride-releasing materials that have been considered for 
orthodonticc bracket bonding are the compomers, which are poly-acid modified 
resin-composites.. There is littl e information in the literature regarding the use of 
thesee materials in orthodontics. Four studies have examined bond strength of 
compomerr to enamel [98,102,113,114], and found bond strengths from 50-80% of 
thatt found for the resin-based composite controls. Fluoride release of compomers 
intoo water is considerably lower that for conventional or resin-modified glass-
ionomerr materials (Table 2). A clinical study of Dyract Ortho compomer found 
brackett failure rates comparable to the resin-based composite control [57]. In this 
studyy there appeared to be less decalcification when using the compomer 
comparedd to the control. 

Aimm and outline of investigations 

Thee purpose of this research was to examine aspects of enamel bonding and 
effectss on enamel demineralization of several types of fluoride-releasing materials, 
thatt are potential orthodontic bracket cements. Through this research project and 
aa critical analysis of the existing literature, much of which has been presented in 
thiss introduction, it is hoped that an understanding of the requirements for 
materialss used for orthodontic bracket bonding can be reached. These 
requirementss include adequate bracket retention and sufficient fluoride release to 
bee effective in reducing demineralization adjacent to orthodontic brackets. 

Inn Chapters 2 and 3, the influence of surface pretreatments on bond strength to 
enamell  was investigated for glass-ionomers and compomers. These studies also 
examinedd mechanism(s) of bonding. 

Chapterr  4 details the development of a fluoride-releasing resin with favorable 
fluoridee release. This resin system was examined for its ability to inhibit 
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demineralizationn adjacent to simulated orthodontic brackets, when used as a 
surfacee sealant. A secondary aim was to address a potential defect in analysis of 
demineralizationn studies in the literature. 

Inn Chapter  5, the basic resin system developed in Chapter 4 was used to make a 
fluoride-releasingfluoride-releasing resin-based composite for orthodontic bracket bonding. The 
specificationss for this composite were that it have physical properties comparable 
too other resin-based composite systems, but with fluoride release approaching 
glass-ionomers. . 

Inn Chapter  6, the ability of the various restorative materials discussed in Chapters 
2,, 3 and 5 to reduce demineralization adjacent to simulated brackets was 
examined.. This study was also designed to determine dose response relationships 
betweenn levels of fluoride release and effect on demineralization for these various 
materials. . 
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CHAPTERR 2 

Effectt  of surface treatments on the bond strength of glass ionomers to enamel 

EAEA Glasspoole, RL Erickson, CL Davidson. Dent Mater, in press 

Abstract t 

Objectives.Objectives. The objective of this study was to evaluate the effect of various 
surfacee treatments on the bond strength of several glass ionomers to enamel, and 
too examine the resulting bond interface. 

Methods.Methods. Ground bovine enamel specimens were divided into groups which were 
pretreatedd with one of the following: 1) no pretreatment 2) Vitremer primer 3) 
10%% polyacrylic acid or 4) 35% phosphoric acid. A conventional glass ionomer 
andd two resin-modified glass ionomers (RMGI's) were bonded to the pretreated 
enamell  surfaces, stored in water for 24 hours and shear bond strengths measured. 
RMGI'ss were tested as light-cured and self-cured materials. 

Transversee sections of similarly prepared samples were etched with phosphoric 
acidd for 60 seconds to partially remove enamel and expose the enamel / glass-
ionomerr interface. The interface morphology was examined by SEM. 

Results.Results. Polyacrylic acid and phosphoric acid conditioning resulted in 
significantlyy increased bond strength to enamel for all three glass ionomer 
materials,, compared to no pretreatment (p<0.01). Light-cured bond strengths 
weree in most cases, significantly greater than when self-cured (p<0.01). 
Examinationn of the bonded interfaces revealed the presence of polymer tags in the 
enamell  conditioned with polyacrylic acid and phosphoric acid. 

Significance.Significance. Conditioners significantly improved the bond to enamel for the 
conventionall  glass ionomer and RMGI's that were examined in this study. 
Micromechanicall  bonding may play a role in the mechanism of bonding glass 
ionomerr to enamel. 

KeyKey words: enamel, bond strength, glass ionomer, conditioner 
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Introductio n n 

Itt has generally been found that a surface conditioner is beneficial for bonding 
Typee II glass ionomer materials to enamel. For conventional glass ionomer, Hotz 
ett al. [1] found that a citric acid pretreatment of the enamel resulted in 
approximatelyy a 60% increase in bond strength compared to untreated enamel. 
Powiss et al. [2] also examined the effect of a number of surface conditioners on 
bondd strength to enamel and found that all the treatments resulted in an increased 
bondd strength. In particular, a 25% solution of polyacrylic acid (PAA) was found 
too be quite effective, with bond strengths increasing by approximately a factor of 
two.. However, more recently, Attin et al. [3] showed no significant difference 
betweenn a conventional glass ionomer bond to unconditioned enamel, compared to 
enamell  conditioned with 25% PAA. 

Resin-modifiedd glass ionomer (RMGI) restorative systems generally use a surface 
primerr or conditioner as a part of their bonding procedure. Increased bond 
strengths,, for commercial RMGI's to enamel, have been reported with the use of 
recommendedd surface pretreatments [3-5]. However, because RMGI materials 
containn monomers, the possibility of enhanced bonding by acid etching of enamel 
hass been examined. Cortes et al. [6] found a substantial increase in bond strength 
too enamel for RMGI's when the enamel was etched with 10% phosphoric acid, 
comparedd to unetched enamel. Similar results have been reported by other 
authorss [4,5,7,8]. Shear bond strengths of around 20 MPa were achieved in some 
off  these studies, a value that approaches bond strengths more typical of composite 
thann glass ionomer. 

Thee aforementioned studies have shown that recommended conditioning or acid 
etchingg can improve the bond strength of conventional and light-cured RMGI to 
enamel,, however, bonding of self-cured RMGI's and the effect of conditioners for 
thiss mode of cure has received little attention in the literature. The purpose of this 
studyy was to examine the effect of a range of surface pretreatments on bond 
strengthh to enamel for a conventional glass ionomer and two RMGI materials, 
bothh in their light-cured and self-cured form, and in each case, to examine the 
resultingg bond interface with enamel by SEM. 
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Material ss and methods 

Commerciallyy available materials used in this investigation are listed and 
describedd briefly in Table 1. 

ShearShear bond strength 
Twoo hundred fifty extracted bovine incisors, which had been stored in deionized 
water,, were embedded in self-curing acrylic, (Quickmount, Fulton Metallurgical 
Productss Corp., Saxonburg, PA, USA) and an area of flattened enamel was 
exposedd by wet grinding on 120, 320 and 600 grit silicon carbide papers. The 
specimenss were randomly divided into groups of at least ten teeth each, and 
pretreatmentt of the enamel was performed for each of the groups as follows: 
1)) No pretreatment 
2)) Vitremer primer  (Vit Pri): Vitremer primer is applied to the enamel for 30 

seconds,, air dried gently for 10 seconds, followed immediately by light curing 
withh a Visilux™ 2 Visible Light Curing Unit (3M Dental Products, St. Paul, 
MN,, USA) at 650 mW/cm2 for 20 seconds (this pretreatment used only with 
Vitremer).. Vitremer primer is a one-part, visible light-cure liquid composed 
off  a copolymer of alkenoic acids, HEMA, ethanol and photoinitiators, and is 
acidicc by nature. 

3)) 10% Polyacrylic Acid (PAA): GC Dentin Conditioner (GC Corporation, 
Tokyo,, Japan) was applied for 20 seconds, rinsed and air-dried. 

4)) 35% Phosphoric Acid (PA): 3M Scotchbond Gel Etchant (3M Dental 
Products,, St. Paul, MN, USA) was applied to the enamel surface for 15 
seconds,, rinsed and air-dried. 

Afterr the specified enamel pretreatment, a 2 mm thick Teflon mold with a hole, 4 
mmm in diameter, was clamped over the treated area and filled with the appropriate 
glasss ionomer material. Each glass ionomer was mixed according to 
manufacturerss instructions. The glass ionomers were allowed to self-cure, or in 
thee case of the two RMGI's, additional groups were visible light-cured, in one 
increment,, for 60 seconds. All specimens were left undisturbed for 30 minutes in 
100%% humidity, at which time the clamp was removed and the samples were 
storedd in deionized water at 37° C for 24 hours. The shear bond strength between 
thee glass ionomer and enamel was then measured on an Instron universal testing 
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machinee at a crosshead speed of 2 mm/min, using a wire loop shearing apparatus. 

AA one factor ANOVA was used to analyze the mean bond strengths between 
surfacee treatment groups for each material, with Tukey-Kramer post-hoc analysis. 
Differencess in mean bond strength between light-cure and self-cure groups for 
eachh RMGI were analyzed by a t-test. 

DeterminationDetermination of fracture mode 

Visuall  examination of failure mode of the bonding specimens was accomplished 
byy viewing all of the debonded specimens under a light microscope at about 12x. 
Failuree was identified as "adhesive" if no observable glass ionomer remained on 
thee enamel surface and it had a polished appearance; "minimally cohesive" if a 
visiblee thin coating of glass ionomer remained on the enamel surface giving a 
frostyy appearance; or "cohesive in ionomer" if bulk amounts of glass ionomer 
remainedd on the enamel surface. Failure modes were estimated to the nearest 5%. 

SEMSEM analysis of etch pattern 

Scanningg electron microscopy was used to visualize the effect on bovine teeth, of 
thee various surface treatments used in the bonding study. Areas of flattened 
enamell  were exposed using 120, 320 and 600 grit silicon carbide papers, with 
threee specimens prepared with each of the following surface treatments: 1) 30 
secondd application of Vitremer primer, rinsed with ethanol for 15 seconds to 
removee primer, then air-dried. 2) 20 second application of 10% PAA, rinsed with 
deionizedd water for 15 seconds, and air-dried and 3) 15 second application of 35% 
PA,, rinsed with deionized water and air-dried. All specimens were affixed to 
SEMM stubs, sputter coated with gold-palladium and examined on a JEOL 820 
scanningg electron microscope. Representative images for the different surface 
treatmentss were obtained. 

SEMSEM analysis of monomer/polymer penetration 
Thee glass ionomer and enamel interfaces were examined for evidence of 
monomer/polymerr penetration. Three bonded specimens were prepared similarly 
too each group that was tested in the bonding study. For the RMGI specimens, the 
materialss were light-cured on one-half of the tooth and self-cured on the other 
half.. For each specimen, a section was cut from the middle and polished on 600 
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gritgrit silicon carbide papers. The polished sections were etched for 60 seconds with 
35%% PA, rinsed thoroughly with deionized water and gently air-dried. Specimens 
weree mounted on SEM stubs with the cross-sectioned surfaces exposed for 
examinationn by SEM. Representative images were saved. 

Results s 

ShearShear bond strength 
Thee mean shear bond strengths and standard deviations for each group are shown 
inn Table 2. For all three materials and both curing modes, pretreatments with 
eitherr 10% PAA or 35% PA resulted in statistically significant increases (p<0.01) 
inn bond strength compared to no pretreatment of the enamel surface. The mean 
bondd strengths resulting from use of the Vitremer primer were significantly lower 
thann those obtained with PAA or PA pretreatments, but were not statistically 
greaterr than with no pretreatment. There was no statistically significant difference 
inn bond strengths obtained with PAA and PA pretreatment, with the exception of 
Fujii  II LC (self-cured). 

Forr each RMGI material, there were statistically significant differences (pO.01) 
betweenn self-curing and light-curing for all surface treatments, except Vitremer 
primerr and Fuji II LC with 35% PA pretreatment. The bond strengths were 
significantlyy lower for light-curing compared to self-curing when no pretreatment 
wass used, while in the case of PAA and PA pretreatments, the light curing results 
gavee significantly higher bond strengths than self-curing, except for Fuji II LC 
withh PA pretreatment. 

FractureFracture mode 
Adhesivee failure was observed only when no pretreatment was used. Figure 1 
showss the results of the mode of failure analysis for the bond strength specimens. 
Forr the conventional glass ionomer, pretreatments resulted in roughly 50% 
cohesivee failure within the material, whereas only about 12% cohesive failure was 
notedd when no pretreatment was used. The mode of failure for the RMGI 
materialss differed between self-curing and light-curing; for self-curing materials, 
thee failure was predominantly minimally cohesive with all pretreatments, whereas, 
inn the light cured specimens, approximately equal amounts of cohesive and 
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Figuree la. 

Fujii  II (conv) 

Figuree lb. 
Vitremerr (self-cured) 

DD Cohesive 

BB Min cohesive 

•• Adhesive 

Pretreatments s 

Figuree lc. 
Vitremerr (light-cured) 

Nonee VitPri 10%PAA 35% PA 

Pretreatments s 

Figuree Id. 
Fujii II LC (self-cured) 

if ff  y 
Nonee VitPri 10%PAA 35% PA 

Pretreatments s 
Nonee 10%PAA 35% PA 

Pretreatments s 

Fujii II LC (light-cured) 

DD Cohesive 

•• Min cohesive 

•• Adhesive 

Figuree la. Mode of failure observed for bonding specimens Figure le. 
whenn Fuji II conventional glass ionomer was bonded to 
enamell using various pretreatments. Adhesive failure was 
seenn only with no pretreatment, while approximately equal 
amountss of cohesive failure within the material and 
minimallyy cohesive failure occurred when 10% PAA or 35% 
PAA pretreatment was used. Figure lb. Mode of failure « 
observedd when Vitremer (self-cured) was bonded to enamel g 
usingg various pretreatments. The failure was predominantly a-
minimallyy cohesive with all pretreatments. Figure lc. Mode 
off failure observed when Vitremer (light-cured) was bonded 
too enamel using various pretreatments. Adhesive failure was 
observedd when no pretreatment or Vitremer primer was used. 
Approximatelyy equal amounts of cohesive failure within the Pretreatments 
materiall and minimally cohesive failure were seen when PAA 
orr PA was used. Figure Id . Mode of failure observed when 
Fujii II LC (self-cured) was bonded to enamel using various pretreatments. Failure was predominantly minimally cohesive 
forr all pretreatments, with some adhesive failure seen when no pretreatment was used. Figure le. Mode of failure 
observedd when Fuji II LC (light-cured) was bonded to enamel using various pretreatments. Failure was predominantly 
adhesivee with no pretreatment, while approximately equal amounts of cohesive failure within the material and minimally 
cohesivee failure were seen when PAA or PA was used. 
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minimallyy cohesive fracture were observed for PAA and PA pretreatments. 

SEMSEM analysis of the etch pattern 
Enamell  surfaces treated with various pretreatments are shown in Figure 2. There 
iss a progression in the degree of demineralization that results, with Vitremer 
primerr showing the least effect and 35% PA the greatest. 

SEMSEM analysis of monomer/polymer penetration 
Figuree 3 shows representative SEM's of the degree of penetration of monomer 
and/orr polymer into enamel treated with 35% PA or 10% PAA. Tag formation 
relatess to the degree of demineralization provided by the specific pretreatment and 
iss analagous to the type of tag formation seen with composite resin systems. 
Thesee appear to be a negative replica of etch patterns demonstrated in Figure 2. 

Whenn Vitremer primer was used, and also with no pretreatment, the microporosity 
createdd was minimal and any resin penetration present was not able to be seen 
usingg this observation method. 

Discussion n 

Itt is generally believed that glass ionomers, particularly conventional glass 
ionomers,, bond to enamel by an ionic interaction with the mineral phase, however, 
thee exact mechanism is undefined [9]. Polyalkenoic acids have been shown to be 
irreversiblyy adsorbed onto hydroxyapatite surfaces [10, 11] and bonds between 
adsorbedd PAA and metal ions have been demonstrated by x-ray photoelectron 
spectroscopyy [12]. Recently, the latter technique was used to provide evidence for 
aa chemical interaction between calcium and carboxyl ions for both human enamel 
andd hydroxyapatite [9, 13]. 

Conventionall  glass ionomers bond to enamel, even with the presence of a smear 
layer,, but surface conditioners have been found to improve the bond strength. 
Conditionerss such as citric acid [1] improve bond strength and PAA was also 
shownn to be an effective conditioner [2]. In the current study, conditioners 
improvedd the bond of Fuji II conventional glass ionomer to enamel, in agreement 
withh these earlier studies. This includes conditioning with PA, which gave a result 
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Figuree 2a. SEM of the enamel etch 
patternn after 30 s application of 
Vitremerr primer to flat-ground 
enamel.. Littl e retentive surface is 
exposed. . 

••

Figuree 2b. SEM of the enamel etch 
patternn after 20 s pretreatment of 
flat-groundd enamel with 10% PAA. 
Thee enamel rod structure has been 
exposedd in the shallow etch. 

Figuree 2c. SEM of the enamel etch 
patternn after 15 s pretreatment of 
flat-groundd enamel with 35% PA. A 
characteristicc etch pattern showing 
enamell rods and deep interrod 
porosityy is exposed. 
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thatt was similar to when PAA conditioning was used. The role of the conditioner 
probablyy involves effective removal of the smear layer and provides for good 
wettingg of the surface by the glass ionomer, an essential requirement for good 
bondingg [14]. However, as acidic materials, the conditioners may also produce 
microporosityy in the enamel surface that could contribute to either increased 
surfacee area for chemical bonding or micromechanical bonding through polymer 
penetration. . 

Whenn PA was used, the expected enamel etch pattern and resultant microporosity 
wass produced as shown in Fig 2c, while in Fig 2b, the etch pattern produced by 
PAAA conditioning, while shallower, also exposed enamel rods and interrod 
porosity.. In Fig. 3a, remaining polymer tags from Fuji II are shown after some of 
thee enamel has been etched away. For the case of PAA pretreatment, there were 
suggestionss of subtle tag formation, but definitive micrographs could not be 
obtained.. It is possible that the polymer could not maintain topography of tags 
followingg the specimen preparation with PA. 

Thee presence of polymer tags into the microporosities of conditioned enamel 
suggestss that micromechanical bonding could play a role. For the case of bonds 
too dentin, studies have shown that conditioning with acids did not diminish the 
bondd strength, and in some cases improved them [15,16,17]. Since dentin is 
depletedd of mineral by conditioning, it might be expected that the bond strengths 
wouldd be severely reduced if calcium binding is the mechanism of adhesion. The 
authorss of these studies proposed that the bond mechanism was due, at least in 
part,, to diffusion of polymer into the demineralized dentin and tubules, forming 
micromechanicall  bonds. Therefore, if this mechanism is viable for dentin 
bonding,, it seems reasonable that resin tags into conditioned enamel may also 
contributee to a micromechanical component of bonding to enamel. However, to 
separatee the relative contributions of micromechanical bonding and chemical 
bondingg would be quite difficult for enamel. 

Thee improved bond to enamel with the use of pretreatments is reflected in the 
modee of failure data as shown in Fig. la. Ideally, with no pretreatment, the 
conventionall  glass ionomer should penetrate the smear layer through a self-etching 
processs and effect a bond to the underlying enamel. The degree to which this 
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Figuree 3a. Cross-sectional SEM 
vieww of Fuji II conventional glass 
ionomerr and enamel interface. 
Enamell  was pretreated with PA. 
Polymerr penetration into enamel is 
evident. . 

Figuree 3b. Cross-sectional SEM 
vieww of Vitremer (light-cured) and 
enamell  interface pretreated with 
PAA.. Tag formation appears to be a 
negativee replica of the etch pattern 
demonstratedd by PAA in Fig 2b. 

Figuree 3c. Cross-sectional SEM 
vieww of Vitremer (self-cured) and 
enamell  interface pretreated with PA. 
Tagg formation is evident. 
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Figuree 3d. Cross-sectional SEM 
vieww of Vitremer (light-cured) and 
enamell  interface pretreated with PA. 
Tagg formation appears as a negative 
replicaa of the etch pattern 
demonstratedd by PA in Fig 2c. 

Figuree 3e. Cross-sectional SEM 
vieww of Fuji II LC (self-cured) and 
enamell  interface pretreated with PA. 
Tagg formation is evident. 

Figuree 3f. Cross-sectional SEM 
vieww of Fuji II LC (light-cured) and 
enamell  interface pretreated with PA. 
Tagg formation appears related to the 
degreee of demineralization provided 
byy the PA pretreatment. 
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occurss will influence the measured bond strength and the fracture mode. In the 
casee of no pretreatment, approximately 20% of the bond failure is adhesive at the 
enamell  interface, with about 12% being cohesive in the material. The adhesive 
failuree component may be indicative of areas in which the smear layer was 
inadequatelyy penetrated, resulting in a weak area of bonding. With removal of the 
smearr layer by conditioning, the glass ionomer was able to interact with the 
underlyingg enamel and a stronger, more uniform bond achieved, resulting in about 
50%% cohesive failure in the glass ionomer. Fig. 4 shows the effect on the enamel 
surfacee from contact with mixed Fuji II conventional glass ionomer for a period of 
600 seconds, after which the glass ionomer was removed from the surface by 
rinsingg with deionized water. The micrograph shows areas where the smear layer 
hass been effectively removed, and other areas where smear layer removal is not 

Figuree 4a. SEM showing the effect 
off  60 s contact with mixed Fuji II 
conventionall  glass ionomer on a 
flat-groundd enamel surface. Some 
areass of smear layer have been 
effectivelyy removed, exposing 
enamell  rods as shown by the 
arrows. . 

Figuree 4b. Higher magnification 
SEMM view of Fig 4a showing 
exposedd enamel rods. 
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complete.. Evidence of enamel rods being exposed can be seen in the areas where 
thee smear layer has been removed, especially in the magnified view (Fig. 4b). As 
thee material continues to set, the remaining smear layer shown in the micrograph 
wil ll  perhaps diminish, but may not be entirely removed, since the pH of setting 
glasss ionomer rises with time [18,19,20]. Not only is the pH of the liquid phase 
off  the glass ionomer important, but also of importance is its ability to reach the 
surfacee in sufficient quantity and withstand the buffering effect of enamel mineral. 
Thesee aspects help to determine how well the glass ionomer etches the smear 
layer. . 

Forr all surface conditions, a large percentage of the bond failures were scored as 
"minimallyy cohesive". This behavior has been observed previously [16], but such 
areass were scored as "adhesive". This thin coating has also been characterized as 
ann ion-exchange layer or interaction zone [21-23]. It would appear that this layer 
iss well attached to the surface and that fracture usually occurs just above it, or 
withinn the bulk of the glass ionomer. 

Theree are a number of differences between RMGI's and conventional glass 
ionomerss that manifest themselves in observed bonding characteristics on enamel. 
Becausee RMGI's contain a resin component that can form a covalently bonded 
matrix,, the materials have greater fracture strengths than conventional glass 
ionomerss [24,25]. Also, because the resin components may penetrate 
microporosities,, a mechanical component of bonding seems feasible. The RMGI's 
examinedd in the current study have dual curing capabilities, these being a 
methacrylate,, free radical polymerization which can be light or chemically 
activated,, and a glass ionomer acid-base reaction [26,27]. The relative rate and 
amountt of these reactions can depend on whether the materials are light-cured, or 
allowedd to self-cure [28] (private communication, R. Halvorson, 3M Dental 
Products,, St. Paul, MN). Because some of the water in a conventional glass 
ionomerr is replaced by monomer, RMGI's may have a reduced acid-base reaction 
[9]. . 

Forr both RMGI's, a significant increase in enamel bond strength is seen with the 
usee of conditioners, compared to no pretreatment. Others have seen similar 
increasess in bond strength with the use of PAA and PA conditioners [3-6]. As 
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withh conventional glass ionomer, there was no significant difference between the 
conditioningg agents, except for the case of Fuji II LC when self-cured. Desai et 
al.. [5] also found no significant difference between the use of PAA and PA for 
Fujii  II LC. The significant difference between conditioners for Fuji II LC in the 
self-curedd mode is unexpected. The bond strength for Vitremer with the use of 
Vitremerr primer was not statistically different than when no pretreatment was 
used.. This may be due to the fact that the Vitremer primer contains ethanol and 
noo water, so that when applied to dry enamel, it might not have a significant 
etchingg effect, as was observed in Fig. 2a. The primer may, however, improve the 
wettingg of the restorative onto the surface and penetrate into the smear layer to 
reinforcee it somewhat, which could account for the increased bond strength 
observed. . 

Thee relatively large bond strengths obtained with the two RMGI's when surface 
conditioningg was used may, to a considerable extent, be due to micromechanical 
bonding.. In Fig. 3b, the polymer tags for the light-cured Vitremer on PAA 
conditionedd enamel are a mirror image of the etch pattern for this conditioner as 
shownn in Fig. 2b. Figs. 3d and f show tags that result from conditioning with PA 
forr light-cured Vitremer and light-cured Fuji II LC respectively. These tags are 
quitee similar to those often seen when bonding composite resin to etched enamel. 
Similarr polymer tags are found when the RMGI's are self-cured (Figs. 3c and e). 

Thee measured bond strengths for the two RMGI's are greater than for Fuji II 
conventionall  glass ionomer. This may be due to both the higher fracture strength 
off  the RMGI materials and the greater strength of the polymer projections into the 
enamel.. Light-curing of the RMGFs resulted in significantly greater bond 
strengthss than when they were self-cured when the two conditioners were used. 
Again,, this may be largely due to differences in the strength of the materials and a 
differencee in polymerization of the resin component within the enamel surface. 
Forr Vitremer, there is about a 20% reduction in diametral tensile strength for the 
self-curedd compared to the light-cured material [29], and the bond strength is 
aboutt 24% lower. These reductions are comparable to a 20% reduction in the 
degreee of conversion of the methacrylate component of Vitremer that has been 
measuredd for the self-cured compared to the light-cured material (private 
communication,, R. Halvorson, 3M Dental Products, St. Paul, MN). It is likely 
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thatt the methacrylate functionality has the greatest influence on physical 
propertiess and bond strength. Fuji II LC is not recommended for use as a self-
curee material, and strength values for this mode of cure were not available, 
however,, as with Vitremer, the bond strength values for self-cured compared to 
light-curedd Fuji II LC were reduced by about the same percentage as Vitremer. 

Whenn no pretreatment was used, the behavior between self-curing and light-curing 
wass reversed, with self-curing having a significantly higher bond strength. One 
possiblee explanation of this result relates to the ability of the materials to penetrate 
thee enamel smear layer. When light-cured immediately after placing, the ability of 
thee materials to etch through the smear layer wil l be diminished, but if the 
materiall  self-cures over a period of several minutes, greater time is allowed for 
etchingg of the smear layer and reaction with the underlying enamel. When 
Vitremerr primer was used to pretreat the enamel, there was no difference between 
self-curedd and light-cured Vitremer groups, but it should be noted that in both 
cases,, the Vitremer primer was first light-cured and so may have had a leveling 
effectt between the two modes of cure. 

Thee modes of failure for light-cured RMGI's with various pretreatments are shown 
inn Figs, lc and e. A significant amount of adhesive failure was observed when no 
pretreatmentpretreatment was used, which is in correspondence with the bond strength and 
proposedd effect on smear layer discussed above. When conditioners were used, 
thee RMGI's exhibited no adhesive failure and about 50% cohesive failure in the 
bulkk of the RMGI. The similarity of fracture mode between the two conditioners 
correspondss to a lack of significant difference in bond strengths observed for 
thesee conditioners. When Vitremer primer was used with the Vitremer RMGI, the 
failuree mode was similar to no pretreatment, but with somewhat less adhesive 
failure.. This also corresponds to the bond strength data where there is no 
significantt difference between no pretreatment and use of Vitremer primer. 

Thee fracture mode data for when the RMGI's were self-cured are shown in Figs lb 
andd d. Compared to the fracture mode when the materials were light-cured, there 
iss substantially less cohesive failure when the two conditioners were used. The 
cohesivee failure for the Fuji II LC, self-cured and pretreated with PA, is somewhat 
greater,, in correspondence with its similarly increased bond strength, however, the 
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largee potential for error in fracture mode measurements may not allow for this 
typee of comparison. For the most part, the majority of the failure mode was 
categorizedd as "minimally cohesive". This may be related to reduced fracture 
strengthh of the materials when they are self-cured rather that light-cured. 

Thee results of this study indicate that acidic conditioning is beneficial in achieving 
betterr bonding to enamel for the conventional glass ionomer and RMGPs studied. 
Whilee light-curing provides the optimum bond strengths for RMGI, self-curing 
thesee materials resulted in relatively good bond strengths to conditioned enamel. 
Inn addition, there is evidence suggesting that micromechanical bonding may play a 
rolee in bonding of these RMGI's and conventional glass ionomer to enamel. 
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CHAPTERR 3 

Effectt  of enamel pretreatments on bond strength of compomer 

EE A Glasspoole, RL Erickson, CL Davidson. Dent Mater 2001; 17(5):402-408 

Abstract t 

Objectives.Objectives. The objective of this study was to evaluate the effect of various 
enamell  surface treatments on the bond strength of a compomer to enamel. 

Methods.Methods. Ground bovine enamel specimens were divided into four groups. A 
compomerr (F2000, 3M) was bonded to the specimens using different enamel 
surfacee treatments. Two groups examined the effect of application of the F2000 
self-etchingg primer/adhesive (3M) with respect to static or dynamic priming. A 
thirdd examined use of the primer/adhesive after phosphoric acid etching, and the 
fourthh (control) group provided bond strength of the compomer to phosphoric acid 
etchedd enamel with a resin bonding system (Single Bond, 3M). Shear bond 
strengthss for the specimens were measured after 24 hours storage in water at 37°C. 
Effectss of the various surface treatments on enamel were examined by SEM. 

Results.Results. Significant differences in bond strength of compomer to enamel were 
foundd that were related to the various surface pretreatments. Dynamic priming 
resultedd in higher enamel bond strengths than static priming, and the best bond 
strengthss were obtained when the enamel was etched with phosphoric acid. SEM 
analysiss showed that depth of etch and resin penetration was also directly related 
too the bond strengths measured. 

Significance.Significance. Bond strength of compomer to enamel is significantly affected by 
thee method of pretreatment of the enamel. 

KeyKey words: enamel, bond strength, compomer, self-etching systems 

Introductio n n 

Thee success of the acid-etch technique for bonding resin-based restorative 
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materialss to enamel is well supported by numerous studies and many years of 
clinicall  experience. Traditionally, enamel etching has been with phosphoric acid 
att concentrations ranging from 30-50%, and for 15-60 seconds. This procedure 
resultss in substantial penetration of the resin into microporosities created by the 
etchh and is believed responsible for the strength and durability of the bond. With 
thee recent introduction of self-etching bonding systems, there is less confidence 
thatt the same durable micromechanical bond to enamel will be achieved, due to 
thee reduced acidity of many of these systems. Even for phosphoric acid, it has 
beenn found that with a concentration of 3% by weight, and a 30 second etch time, 
thee bond strength to enamel was reduced by about 40% compared to etchant 
concentrationss of 10-65% by weight [1]. The observed etch patterns and tag 
formationn for the 3% by weight phosphoric acid-etched samples were minimal, 
whilee higher acid concentrations produced well developed etch patterns, and 
substantiall  resin penetration. 

Relativelyy few published studies have looked at the ability of self-etching systems 
too adequately etch enamel and provide strong, durable bonds. Several studies of 
acidicc primer/adhesives used with compomers found enamel bond strengths that 
rangedd from 29 to 75% of the bond strengths achieved when the same systems 
weree used, but with a phosphoric acid etch of the enamel [2-5]. 

AA mixture of results was found for the self-etching adhesive system, Clearfil Liner 
Bondd 2, when tested with composite on ground enamel. Two studies found bond 
strengthss equivalent to those obtained when the enamel was etched with 
phosphoricc acid [6,7], but a third study found that when the self-etching primer 
wass used, the bond strength was about 66% of the enamel bond strength achieved 
whenn bonding after phosphoric acid etching [8]. When used on unground enamel, 
thiss material produced a bond strength that was about 68% of that found for the 
phosphoricc acid etched control [7]. 

Durabilityy of bonds was studied using thermocycling in water between 5 and 60°C 
forr up to 30,000 cycles as a means of fatiguing the bonds [8]. In this study, the 
twoo systems that showed the greatest fatigue effect on enamel bond strength were 
self-etchingg systems and were about 55% of their initial bond strength. The best 
resultss were shown by two composites bonded to acid-etched enamel which were 
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relativelyy unaffected by thermocycling and retained about 96% of their initial 
bondd strength. These results show that the self-etching systems were more prone 
too fatiguing effects, suggesting that the durability may be compomised. 

Thee effect of fatigue on self-etching systems has also been examined in 
microleakagee studies using thermocycling of Class V restorations, where etching 
withh phosphoric acid or using increased etching time with a self-etching primer 
resultedd in better sealing in Class V restorations [9,10]. 

Thesee reductions in enamel bond strength and increases in microleakage might be 
presumedd to be a result of reduced etching of enamel by the self-etching systems. 
Twoo different acidic primer/adhesives were examined for their enamel etching 
abilityy [11,12]. For each of these materials, the investigators found a lack of the 
characteristicc etch pattern and resin tag formation. For the most part, 
investigationss of the self-etching systems indicate a reduced ability to etch the 
enamell  surface, and lower bond strengths than those typically achieved when 
phosphoricc acid etching is used. 

Thee purpose of the present study was to examine the effect of several surface 
treatmentss on the bond strength of a compomer (F2000) to enamel. This 
compomerr is recommended for use with either a self-etching primer/adhesive, or 
withh the resin bonding system, Single Bond, which utilizes a phosphoric acid etch. 

Material ss and methods 

Thee commercially available materials used in this investigation are listed and 

describedd briefly in Table 1. 

ShearShear bond strength 
Fortyy extracted bovine teeth, which had been stored in deionized water at about 
5°CC for less than 4 months, were embedded in self-curing acrylic, (Quickmount, 
Fultonn Metallurgical Products Corp., Saxonburg. PA, USA) and an area of 
flattenedd enamel was exposed using 120, 320 and 600 grit silicon carbide papers. 
Thee specimens were randomly divided into four groups often teeth each, and 
pretreatmentt of the enamel was performed for each group as follows: 

55 55 



c c 

T3 3 
C C 
O O 

T3 3 
CD D 

</} } 

.1 1 
«3 3 

aii  c 
MM CD 

•ii * 

§ § 

1 1 1 1 

I I 

C* * 
< < 
o o 
m m ON N 

o o 
ON N 

ON N 

/—V V 

< < 

Os s 
ON N 

r^ ^ o o 
Q Q 
< < 
y y < < 
•4-> > 

O O 

Q Q 
< < 
t---

o o 
O H H 

£ £ 
O O 

U U 

I I 
o o 

e e 

mm co 

<D D 

s s T T 
O, , 
r*>( ) ) 

e e 
X ! ! 
CJ J 

a> > 
' M M 

13 3 
C/J J 

<L> > 

> > 
&0 0 

a> a> 
$ $ 
a a 

V) V) 

« 1 1 

00 0 

c c T3 3 
c c o o Xi i 

c c 
<D D 

tó tó 

o o 
-o o o o 

c c 
Q Q 

SS -• S ~ 
tr>tr> c/2 

P P 

c c 
u u 

Q Q 

mm t/3 

<u u 

> > 
<Tt t 
t-> > 
O O 

r/i i 
0> > 

(L) ) 

e e 
o o ex x 
E E 
o o 
U U 
o o o o o o 
( N N 
UU U 

? ? f--

2 2 
f * ) ) 

O O 

o o 
o o 

0) ) 

> > W5 5 
<L> > 

=S S 
< < 

B B 
• e e 
CU U 

o o 
o. o. 
E E 
o o 
U U 
o o 
o o 
o o 
<N N 
U H H 

s s 
H H 

s s co o 

J 3 3 

< < 
"fc; ; 

e e 
CU U 

o o 
o o 
o o 
U H H 

£ £ 
O O 
CO O 

C/3 3 

'S S 
< < 
C C 
O O 
CQ Q 

"5b b 
c c 

C/3 3 

s s 
H H 

2 2 
r*l l 

PQ Q 
C/3 3 

<S S 

O O 
fcH fcH 

00 0 
» » 

t « « 
CD D 

CD D 

X3 3 
* - > > 
u, u, 

CD D 

O O 

<D D 

4-1 1 

U U 

•O O 
a a 
o o 

.o o 
§ § 

a> > 
1 1 
£ £ 
« « 
S S 
(9 9 

(JU U 

<L> > 

,> > 
J 3 3 
o o 
U U 

1 1 

f f 
£ £ 
C/3 3 
C C 
O O 

PQ Q 

-- £ 

OO ü 

<~>> . S 

£ £ o o a. . 
E E 
o o 
o o 

.> > 
<U U 

'S S 

CN N 
en n 

ON N 
ON N ON N 

0 0 0 
CN N 

« « 
vS" " 
C!' ' 
o o 
— • < < 

X i i 

co o 

CS S 
0 0 0 

NO O 

o o 

oö~ ~ 
CN N 

<N N 

O O 

CT T 
^ ^ 
O N N 

NO O 

OQ Q U U 

-E E 

CU U 

t t 
C C 

T T 

c c 

I I 

CU U 



Groupp A - Static Priming: F2000 Primer/Adhesive was applied to the enamel 
surfacee with a brush, left undisturbed for 30 seconds, then air-dried gently for 10 
seconds,, followed immediately by light curing with a Visilux™ 2 Visible Light 
Curingg Unit (3M Dental Products, St. Paul,MN) at 650 mW/cm2 for 10 seconds. 
Groupp B - Dynamic Priming: F2000 Primer/Adhesive was applied to the enamel 
surface,, reapplied several times with gentle agitation during the 30 second 
applicationn time, and then air-dried gently for 10 seconds. This was followed 
immediatelyy by light curing for 10 seconds. 
Groupp C - Phosphoric acid etch/Prime: Phosphoric acid gel etchant 
(35%% wt/wt) was applied to the enamel and left undisturbed for 15 seconds, then 
rinsedrinsed and dried gently. Two consecutive coats of F2000 Primer/Adhesive were 
appliedd and immediately air-dried gently, followed by a 10 second light cure. 
Groupp D - Phosphoric acid etch/Single Bond: The enamel was etched with 
phosphoricc acid gel etchant for 15 seconds, rinsed and dried as in Group C. Two 
consecutivee coats of Single Bond Adhesive were applied and immediately air 
driedd gently, followed by a 10 second light cure. 

Afterr the specified enamel pretreatment, a 2 mm thick Teflon mold with a hole 
44 mm in diameter was clamped over the treated area and filled with the F2000 
compomerr prior to light curing for 40 seconds. The samples were stored in 
deionizedd water at 37 °C for 24 hours, after which the shear bond strength 
betweenn the F2000 and the enamel was measured using a wire loop on an Instron 
universall  testing machine at a crosshead speed of 2 mm/min. Statistical 
differencess between groups were determined by ANOVA with Tukey-Kramer 
comparisonss of groups at a p=0.01 level. 

SEMSEM analysis of etch pattern 

Scanningg electron microscopy was used to visualize the effect on bovine teeth, of 
thee various surface treatments utilized in the bonding study. Areas of flattened 
enamell  were exposed using 120, 320 and 600 grit silicon carbide papers, with four 
specimenss prepared using each of the following surface treatments: A) 30 
second,, static application of F2000 Primer/Adhesive; specimens were rinsed with 
deionizedd water for 15 seconds, with acetone for 10 seconds, to remove primer, 
andd then air dried gently. B) 30 second, dynamic application of F2000 
Primer/Adhesive,, with gentle agitation and replenishment of primer/adhesive; 
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specimenss were rinsed with deionized water for 15 seconds, with acetone for 10 
seconds,, and then gently air dried. C) 15 second, static application of 35% 
phosphoricc acid gel; specimens were then rinsed with deionized water for 15 
secondss and gently air dried. All specimens were affixed to SEM stubs, sputter 
coatedd with gold-palladium and examined on a JEOL 820 scanning electron 
microscope.. Representative images were captured digitally and stored in 
computerr files. 

SEMSEM analysis of resin penetration 
Thee resin and enamel interfaces showing resin penetration were also examined. 
Fourr bonded specimens were prepared similarly to each group that was tested in 
thee bonding study. Each was cross-sectioned and polished on 600 grit silicon 
carbidee papers. The sections were etched for 60 seconds with 50% (v/v) nitric 
acid,, rinsed thoroughly with deionized water and gently air dried. Specimens were 
mountedd on SEM stubs with the cross-sectioned surfaces exposed for examination 
byy SEM. Representative images were saved. 

FailureFailure mode analysis 
Visuall  examination of failure mode of the bonding specimens was accomplished 
byy viewing all of the debonded samples under a light microscope at about 12x. 
Failuree was identified as "adhesive" if no compomer remained on the enamel 
surface,, "cohesive in compomer" if remnants of the compomer remained in the 
bondedd area and "cohesive in enamel" if a portion of the tooth was removed in the 
debondingg of the material. Failure mode was estimated to the nearest 5%. 

Results s 

ShearShear bond strength 
Meann shear bond strengths to enamel for the four treatment groups are shown in 
Tablee 2. In Groups C and D, where phosphoric acid etching was used, mean 
enamell  bond strengths of 24.2 MPa and 26.9 MPa respectively were obtained and 
weree not statistically different (p=0.05). Both were statistically greater than the 
bondd strengths of Groups A and B (pO.01). Additionally, in Group B, where 
dynamicc priming was employed, a mean bond strength of 16.8 MPa was found 
andd this was significantly greater (pO.01) than the mean bond strength of 11.0 
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MPaa for Group A, where static priming was used. 

SEMSEM analysis of etch pattern 
Representativee enamel etch patterns obtained by applying the self-etching primer 
inn static and dynamic modes as used in bonding Groups A and B are shown in 
Fig.laa and lb respectively. Figure lc shows the etch pattern for phosphoric acid 
etchingg as used in Groups C and D. 

SEMSEM analysis of resin penetration 
Representativee photomicrographs of resin penetration resulting from the four 
enamell  surface treatments are shown in Fig. 2. Figure 2a shows minimal resin 
penetrationn when static priming was used (Group A), while Fig. 2b shows greater 
resinn penetration after dynamic priming, as used in bonding Group B. Figure 2c 
showss penetration of the self-etching primer/adhesive into phosphoric acid etched 
enamel,, while Fig. 2d shows penetration of Single Bond adhesive, again into 
phosphoricc acid etched enamel. 

FailureFailure mode analysis 
Thee mode of failure for the four bonding test groups, as determined by 
observationn under optical microscope, is shown in Table 2. Where the self-etching 
primer/adhesivee was used, there was a progressive increase from Group A to 
Groupp C in the amount of cohesive failure in the compomer material, and a 
correspondingg decrease in adhesive failure. Group D had a higher percentage of 
cohesivee failure in compomer and 13% cohesive failure in the enamel. 
Thee category "adhesive failure", for the optical observations above, showed 
variationss from glossy to a slightly matte appearance, suggesting subtle 
differencess in the microscopic failure at that interface. Figure 3 shows 
representativee SEM micrographs of the variations in the enamel surface classified 
ass "adhesive failure" by optical analysis. Figure 3a shows the typical appearance 
off  the surface categorized as having "adhesive failure" for Group A, while Groups 
BB and C were primarily characterized by surfaces as shown in Fig. 3b. Finally, 
Fig.. 3c shows the typical surface for an "adhesive failure" area of Group D. These 
figuress demonstrate an increasing amount of microscopic enamel fracturing at the 
interfacee which accounts for the increasing amount of matte surface observed. 

59 9 



Figuree lb. Enamel etch pattern 
afterr 30 s dynamic application of 
thee self-etching primer/adhesive. 
Thee enamel rod structure has 
becomee apparent in the shallow 
etch. . 

Figuree lc. Enamel etch pattern 
afterr phosphoric acid etching for 15 
seconds.. A characteristic retentive 
etchh pattern showing enamel rods 
andd deep interred porosity is 
exposed. . 

Figuree la. SEM view of the 
enamell  etch pattern after 30 s static 
applicationn of the self-etching 
primer/adhesivee to flat-ground 
enamel.. No retentive surface can be 
seen. . 
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Figuree 2a. SEM showing minimal resin 
penetrationn into enamel following 30 s 
staticc application of the self-etching 
primer/adhesive. . 

Figuree 2b. SEM showing somewhat 
greaterr resin penetration into enamel 
followingg dynamic application of self-
etchingg primer/adhesive compared to 
staticc priming as shown in Fig. 2a. 

Figuree 2c. SEM showing resin 
penetrationn of the self-etching 
primer/adhesivee into phosphoric acid 
etchedd enamel. Note the more extended 
tagss that are reflective of the deeper etch 
pattern. . 

Figuree 2d. SEM showing penetration of 
Singlee Bond adhesive into phosphoric 
acidd etched enamel. Extended tags 
reflectt the deeper etch. 
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Figuree 3a. SEM micrograph of 
debondedd area representative of 
"adhesivee failure" for Group A. 
Theree is a lack of microscopic 
fracturingg of enamel. 

Figuree 3b. SEM of debonded area 
characteristicc of "adhesive failure" 
forr Groups B and C. Shows 
increasedd microscopic fracturing 
comparedd to Group A. 

Figuree 3c. SEM micrograph of 
debondedd area representative of 
"adhesivee failure" for Group D. 
Notee greater microscopic fracturing 
comparedd to all other groups. 
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Discussion n 

Onee requirement for achieving a good bond to enamel is the creation of adequate 
microporosityy by means of an acidic conditioner or primer. For the compomer 
usedd in this study, preconditioning of the enamel is recommended with either an 
enamell  conditioner (35% phosphoric acid) or with an acidic primer/adhesive, 
whichh contains approximately 2.5% (wt/wt) maleic acid. The purpose of this 
studyy was to contrast these two methods of enamel surface conditioning and their 
effectt on the bond of F2000 compomer to enamel. 

Forr Group A and B, where the primer/adhesive was used, a statistically greater 
bondd strength was achieved when it was applied dynamically (Table 2). In Figs. 1 
andd 2, it is clear that the degree of etching and monomer penetration that occurred 
withh dynamic priming was greater than with static priming. This increased bond 
strengthh can presumably be attributed to the greater degree of etching. This is not 
surprising,, since agitation and replenishment of the primer/adhesive assures that 
thee enamel surface is exposed to fresh acid, and the etching by-products are 
removedd more efficiently. 

Groupp C and D both used a 35% phosphoric acid treatment, but in Group C, the 
acidicc primer/adhesive was subsequently applied to the etched enamel, while in 
Groupp D, the resin adhesive, Single Bond was applied. This latter technique is 
onee of the recommended procedures for the F2000 compomer. There was no 
statisticall  difference in enamel bond strength between the two groups even when 
testedd at p=0.05, suggesting that either the F2000 primer/adhesive or Single Bond 
couldd be used with F2000 compomer when coupled with phosphoric acid etching. 
Thee resin penetration demonstrated in Fig. 2c and 2d appears to be equivalent for 
thee two treatments. The bond strengths of these groups were both statistically 
greaterr than Groups A and B. Since Group C used the same primer/adhesive 
systemm as Groups A and B, the increased bond strength presumably is due to the 
increasedd etching and resin penetration afforded by phosphoric acid etching. 

Despitee the increased bond strength for Group B, there was only a very small 
increasee in the cohesive failure in compomer recorded by visual examination 
comparedd to Group A. However, SEM observations of the regions of adhesive 
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failuree showed a relatively undamaged enamel surface for Group A as depicted in 
Fig.. 3a, whereas Group B showed a trend toward some regions with microscopic 
fracturee of enamel prisms as seen in Fig 3b. With the deeper etch in Group C, the 
extentt of cohesive failure in compomer increased substantially. Examination of 
thee "adhesive failure" regions of the debonded specimens indicated that virtually 
thee entire area was characterized by microscopic fracture of enamel prisms as seen 
inn Fig. 3b. When the Single Bond adhesive was used (Group D) on phosphoric 
acidd etched enamel, even greater amounts of cohesive failure occurred in the 
compomer,, and there was additionally some cohesive failure of enamel. The 
microscopicc fracture of enamel in the regions judged as "adhesive failure" was 
substantiallyy greater than for the other groups, as seen in Fig. 3c. The greater 
microscopicc and macroscopic fracturing of enamel, as seen in Group D, may be 
attributedd to the fact that the Single Bond adhesive is composed of several 
dimethacrylatee monomers, which can result in a highly crosslinked adhesive, 
unlikee the F2000 Primer/Adhesive which has no dimethacrylate functionality. The 
greaterr strength that might be achieved with the Single Bond adhesive could 
accountt for the visual and SEM observations seen in failure mode analysis. 
Thoughh obvious microscopic differences were observed between Groups C and D, 
thee bond strength was not statistically different. 

Thee study data support the idea that the degree of microporosity created by 
pretreatmentt of the enamel surface is an important factor in the bond strength 
achieved.. Similar observations have been made when contrasting the use of PSA 
Primer/Adhesivee or phosphoric acid to pretreat enamel when bonding Dyract 
[2-4],, The enamel bond strengths with the PSA Primer/Adhesive ranged from 29 
too 54% of the bond strengths achieved when the same system was used, but with a 
phosphoricc acid enamel etch. In a similar study, Prime and Bond 2.0 Adhesive 
usedd with Dyract, and Syntac Single Component used with Compoglass, produced 
enamell  bond strengths which were approximately 75% of those produced when 
thee enamel was first etched with phosphoric acid [5]. The above studies did not 
examinee degree of etch, or resin penetration into enamel. 

Thee above results are consistent with those from a microleakage study that 
comparedd pretreatment with Prime and Bond 2.1 [9], The leakage at both the 
enamell  and dentin margins of Class V cavities was greater when the primer was 
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usedd alone compared to when phosphoric acid etching was used. In addition, 
SEMM analyses of Prime and Bond 2.1, Prime and Bond NT and Syntac Sprint 
primer/adhesivess found littl e evidence of etch patterns or resin tags compared to 
whenn phosphoric acid etching was used [11,12]. The data from these studies 
collectivelyy suggest that the self-etching primer/adhesives used were not able to 
providee an adequate level of enamel demineralization to achieve optimum bonding 
too enamel. 

Twoo studies of the Clearfil Liner Bond 2 system, which utilizes a self-etching 
primerr with a separate adhesive component, have found bond strengths to enamel 
thatt were equivalent to those found with phosphoric acid etching, even though 
SEMM observation showed minimal etch patterns on enamel [6,7]. However, one of 
thesee studies compared bond strengths on ground and intact enamel for the 
Clearfill  Liner Bond 2 and MacBond II systems, and on the latter type of enamel, 
thee bond strengths for both materials were about 68% of those achieved when 
compositess were bonded and phosphoric acid etching was used. The etch pattern 
off  Liner Bond 2 primer, particularly on intact enamel, was extremely weak [7]. In 
anotherr study, the bond strength to ground enamel for Clearfil Liner Bond 2 was 
aboutt 66% of composites bonded to enamel where the enamel was etched with 
phosphoricc acid [8]. Further, a microleakage study found that two successive 30 
secondd applications of Clearfil Liner Bond 2 primer resulted in significantly lower 
leakagee than when the recommended single 30 second application was utilized 
[10]. . 

Thee results of the present study are consistent with those cited above. Bond 
strengthss for Groups A and B were about 40 to 70% of those for Groups C and D, 
wheree phosphoric acid was used to etch the enamel surface. The combined results 
off  the present study and those cited above suggest that the use of self-etching 
primerss may provide inadequate demineralization of enamel for optimum bonds to 
bee achieved. 

Nott only is the initial bond strength important, but the durability of the bond 
underr fatiguing conditions is important to provide an indication of how the bonds 
mayy perform under clinical conditions. One study examined the effect of 
thermocyclingg bonded specimens in water for up to 30,000 cycles between 5 and 
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600 °C [8]. Three self-etching adhesive systems and four bonding systems that use 
phosphoricc acid etching were used to bond composite to bovine enamel. The self-
etchingg systems produced initial enamel bond strengths that were generally lower 
thann the initial bond strengths for the standard bonding systems. Under fatiguing 
conditionss of thermocycling, the bond strength for the groups using the self-
etchingg systems were reduced to 53 to 72% of their initial bond strengths, while 
thee standard bonding systems had post-thermocycling bond strengths of 79 to 96% 
off  their initial bonds. Not only were initial bond strengths lower for the self-
etchingg systems, but they were also more susceptible to thermocycling effects, 
withh resultant loss of bond strength. For example, the Clearfil Liner Bond 2 
systemm had an initial enamel bond strength of 16.4 MPa, which dropped to 8.7 
MPAA after 30,000 cycles. However, when a composite was bonded to phosphoric 
acidd etched enamel with Single Bond, an initial bond strength of 24.4 MPA was 
seen,, and was only somewhat reduced to 23.3 MPa after similar thermocycling. 
Thiss particular study suggests that the bonds from self-etching systems are more 
susceptiblee to fatiguing effects. Additional fatigue studies are needed to 
determinee if all self-etching systems are prone to this effect. 

Thee bond strength of F2000 to enamel was found to be highly dependent on the 
pretreatmentt of the enamel surface. These results have potential implications in 
thee clinical use of the F2000 compomer material, but other self-etching systems 
couldd face similar issues. Because placement techniques by individual 
practitionerss may vary anywhere from static placement of the primer/adhesive, to 
aa more dynamic placement, where the primer/adhesive is agitated and replenished, 
itt might be expected that the ability to adhere and seal a restoration could be 
directlyy affected. Furthermore, cavities can have vertical as well as horizontal 
enamell  surfaces, the former requiring a dynamic primer application to ensure 
adequatee exposure to the primer. Even with dynamic priming, the bond strengths 
measuredd in this study were less than those achieved when phosphoric acid 
etchingg was used. Whether this reduction in enamel bond strength has clinical 
significancee would best be determined through clinical investigations. 
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CHAPTERR 4 

Protectivee Effects of Resin Impregnation on Demineralization of Enamel 

EE A Glasspoole, RL Erickson, CL Davidson. Am J Dent 1999; 12:315-320 

Abstract t 

Purpose:: The purpose of this study was to determine if resin penetrated into the 
enamell  etch pattern, in the absence of a polymerized outer surface film, could 
reducee the degree of demineralization of enamel subjected to a simulated caries 
challenge,, and to evaluate whether the addition of fluoride to the resin would 
enhancee reductions in demineralization. 

Materialss and Methods: Enamel surfaces of extracted human incisors were acid-
etched.. One-half of the etched area was treated with an unfilled bonding resin, 
whilee the other one-half was left untreated as a control. In another group, this 
samee procedure was followed except the unfilled bonding resin contained fluoride. 
Thee applied resin was aggressively air thinned to ensure oxygen inhibition 
throughoutt the external surface film thickness. The thinned film was visible light 
curedd and the area was wiped with an ethanol swab to remove the inhibited layer. 
Thee specimens were exposed to a buffer solution of pH=4.7 for four days, and 
weree sectioned and examined by polarized light microscopy and 
microradiography. . 

Results:: In each of the two test groups, the demineralization of the resin-treated 
sidee was significantly lower than the control side (p< 0.015). Under the conditions 
off  this study, the experimental fluoride resin did not produce statistically 
significantt reductions in demineralization compared with the non-fluoride resin. 

Clinicall  Significance: Resin impregnated into etched enamel surrounding 
restorationss or orthodontic appliances can reduce the degree of demineralization 
off  that enamel, even when a surface film is not present. 
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Introductio n n 

DemineralizationDemineralization of enamel adjacent to dental materials is of interest in many 
areass of dentistry and has been the subject of numerous studies. In such studies, 
ann aspect of design that is sometimes overlooked is the influence that bonding 
resinn may have on the demineralization of the enamel. While it is obvious that a 
curedd resin film on top of an enamel surface wil l protect it from demineralization, 
thee resin that has penetrated below the surface into the etched microporosities may 
alsoo reduce demineralization, even when there is no cured resin film on the 
surface.. It is important that this be taken into consideration when a study is 
designedd to compare bonded materials with unbonded materials, or when the 
studyy is designed to examine the effect on demineralization by other factors, such 
ass fluoride release from a bonded material. Failure to consider the resin effect 
couldd result in erroneous conclusions. 

Thiss resin effect can have implications in many areas of dentistry, but for much of 
thiss article, the area of orthodontics wil l be emphasized. A persistent problem in 
orthodonticc treatment of teeth is enamel demineralization surrounding orthodontic 
appliances,, which may result in white spot lesions. White spot lesions can 
developp within one month after placing appliances, [1,2,3] and can persist for 
yearss following removal. [4] The incidence of white spot lesions due to 
orthodonticc appliances has been shown to be variable depending on factors such 
ass topical fluoride treatments and patient oral hygiene. In a clinical study [5] 
wheree no topical fluoride was used, 50% of patients and 10.8% of teeth where 
orthodonticc bands or brackets were used showed white spot lesions, compared to a 
controll  group, without orthodontic treatment, where 24% of patients and 3.6% of 
teethh had white spot lesion formation. Another study [4] showed a significant 
increasee in white spot lesions for orthodontically treated patients compared to 
untreatedd patients. The mean white spot score for the treated group was a littl e 
moree than twice the score for the untreated group. These studies would indicate 
thatt the problem is severe enough to make preventive measures highly desirable. 

Onee preventive measure that has been investigated is sealing the enamel 
surroundingg an orthodontic appliance with a bonding resin. Several studies have 
foundd that chemically cured unfilled resins were not effective in providing 
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completee surface sealing. [6,7,8] The reason cited for failure of the resin systems 
usedd in these studies to seal enamel was oxygen inhibition of polymerization. 
Sincee the investigators were only concerned with complete protection from the 
presencee of a cured surface film, they did not evaluate reductions in 
demineralizationn due to the treatment. In contrast, studies utilizing either UV 
lightt curable [9] or visible light curable resins, [10,11] have shown that these 
resinss can produce a cured film on the enamel surface, and provide complete 
protectionn from acidic attack. These light cured resins are less affected by oxygen 
inhibitionn and are able to seal the etched enamel. 

Twoo studies, that used UV light-cured resins, showed a degree of protection from 
demineralizationn by subsurface resin tags which remained in the etched enamel 
afterr removal of the cured outer surface film. [12,13] In these studies, the 
presencepresence of an outer film prior to its removal ensured better polymerization of 
thesee subsurface resin tags. An additional observation showed similar results if 
thee resin was allowed to penetrate the etched enamel for one minute, followed by 
wipingg away the surface resin with a tissue, and then UV light-curing. [12] 

Inn some clinical situations, excess resin materials may be removed prior to 
polymerization.. For example, this could occur around a composite restoration 
wheree excess bonding resin or restorative materials are removed from the enamel 
surroundingg the margins either by air thinning or scraping away with an 
instrument.. This would allow inhibition to minimize curing in those areas. In 
orthodontics,, it is common to remove excess materials from around bonded 
appliancess with an instrument, such as a scaler, prior to curing. [14] Again 
oxygenn inhibition would be expected to minimize the ability of the residual resin 
too polymerize. The purpose of this study was to examine the effect of resin in the 
subsurfacee of etched enamel on demineralization when a light cured surface film 
iss not possible due to oxygen inhibition. A secondary objective was to compare 
thiss effect for a fluoride-containing bonding resin and a non-fluoride resin. 

Material ss and methods 

Tenn caries-free human incisors, which were inspected under 3x magnification and 
foundd to be free of cracks and defects, were used in this study. The middle 2 mm 

71 1 



off  the facial surface of each tooth was isolated between strips of firmly attached 
vinyll  tape for the purpose of attaching a Z-100a resin-based composite divider to 
separatee the tooth into two test areas. This enamel area was acid etched with 35% 
phosphoricc acid gel for 60 seconds and then was rinsed and dried. A thin layer of 
ann unfilled bonding resin, Scotchbond™ Multi-Purpose Dental Adhesive 
(SBMPa),, was applied with a brush to the etched area between the tapes, and was 
gentlyy air thinned and light cured for 20 seconds with a Visilux™ 2 visible light 
curingg unit". The resin-based composite restorative divider was carefully placed 
betweenn the tapes and light cured for 20 seconds. 

Thee tapes were removed and the test areas of enamel on either side of the resin-
basedd composite divider were then acid etched with 35% phosphoric acid gel for 
600 seconds, rinsed and dried. The teeth were randomly divided into two test 
groups.. In Group 1, bonding resin containing no fluoride (SBMP), was applied to 
thee etched enamel on one side of the resin-based composite divider. No resin was 
appliedd to the control area of the tooth on the other side of the resin-based 
compositee divider. The bonding resin layer was immediately air thinned with a 
strongg air stream, such that maximum removal of resin was accomplished. This 
thinnedd resin layer was then light cured for 20 seconds, followed by an alcohol 
wipee over the resin area to remove the oxygen-inhibited layer. This procedure 
preventedd surface film formation due to oxygen inhibition, but still allowed for 
potentiall  polymerization of resin tags in the subsurface region. In Group 2, a 
bondingg resin consisting of SBMP containing 30% (wt/wt) of an organic fluoride, 
tetrabutylammonium-- tetrafluoroborate (TBATFB), was used as described for 
Groupp 1. Each specimen was inspected at 3x magnification to assure that there 
wass no cured resin film on the enamel surface. 

Thee individual specimens were stored in 100% humidity until all were completed. 
Thee teeth were coated with an acid resistant nail varnish to within 1 mm of the 
resin-basedd composite divider and each group of teeth was then suspended in 500 
milliliter ss of an unstirred acidic buffer solution (2.2 mM Ca2+, 2.2 mM P04

3 and 
500 mM acetic acid at pH=4.7 and 22° C) for four days to induce artificial lesion 
formation. . 

Al ll  specimens were thoroughly rinsed with distilled water upon removal from the 
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acidicc solution and multiple sections were cut perpendicular to the enamel surface, 
usingg a Silverstone/Taylor hard tissue microtomeb. The sections were cut 
approximatelyy 150 |om thick to minimize damage to the demineralized enamel 
surface.. Only sections with the demineralized enamel intact were kept for 
analysis.. The lesions on both sides of the resin-based composite divider were then 
examinedd by polarized light microscopy in a water medium, and 
photomicrographss were obtained on 35 mm transparency film. The polarized light 
transparenciess were projected and tracings at a magnification of 200x were made 
fromm them. Areas of the magnified lesions adjacent to the composite divider were 
measuredd to a distance corresponding to 800 urn away from the composite divider, 
utilizingg a digitizing board (SummaSketch II Plus0). Because of the fragility of 
demineralizedd enamel, only several representative sections were individually hand 
polishedd to 80-100 um for high quality photographic recording. The lesion areas 
measuredd at 200x were subsequently converted back to areas in square 
micrometers. . 

Followingg the polarized light micrographic analysis, the tooth sections were used 
forr microradiographic analysis. It was necessary to thin the sections for this 
analysis,, so they were polished to approximately 100 um thickness on 600 grit 
siliconn carbide papers. Approximately 40% of the sections from Group 1 were 
lostt during this process due to fracture of the demineralized enamel, which is a 
commonn problem in preparing such specimens. Microradiographs of the 
remainingg specimens and a 12-step aluminum stepwedge were taken on 
photographicc plates with an X-ray source at 20 kV and 20 mA. The 
microradiographss were scanned with a microdensitometer to determine optical 
densityy as a function of depth, which was converted to digital data and entered 
intoo a computer. Each scan included the region from the edge of the resin-based 
compositee divider to 300 um on either side of the composite divider. This data was 
comparedd with that from the aluminum stepwedge and analyzed by computer to 
providee mineral profiles. These were further analyzed to provide integrated 
minerall  loss (IML) values. Details of the methodology have been published 
previouslyy [15]. 

Valuess for the demineralization of the control and treated sides for both polarized 
lightt and microradiography were obtained for each tooth by averaging the sections 
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fromfrom that tooth. These values were then used to obtain mean values for the 
demineralizationn of the control and treatment sides for both groups. Statistical 
comparisonss of the mean values for the treatment and control side of each group 
weree determined using a one-tailed t-test for paired measurements [16]. 
Comparisonss between the mean values of the two groups were made using a two-
tailedd t-test. 

Fluoridee release from the experimental bonding resin was measured over a 20 
weekk period. Discs (d=2.2 cm; h=0.12 cm) of the bonding resin were made by 
polymerizingg the material in a Teflon mold with polyester lined glass plates on 
eitherr side. These discs were suspended in polyethylene containers containing 25 
miss of deionized water and stored at 37° C until the time of each measurement. 
Too measure the fluoride concentration in the water, a 10 ml aliquot was removed 
andd added to 10 mis of TISABd. An Orion Model 96-09 fluoride selective 
electrode00 was used to measure the concentration. The discs were returned to their 
respectivee containers with fresh deionized water and stored at 37° C for the next 
periodd of time. At the end of the demineralization experiment, the fluoride 
concentrationss in the demineralizing solutions were determined using the same 
methodd described above. 

Scanningg electron microscopy was used to visualize the acid resistance of resin-
treatedd enamel as used in the demineralization experiment. Human incisors were 
usedd with the facial enamel ground to a 600 grit finish. This surface was treated 
inn a similar manner to the specimens used in testing demineralization. After 
completingg treatment, one-half of the area was etched for 60 seconds with 35% 
phosphoricc acid gel and rinsed with water. This procedure was used to simulate 
thee artificial caries process in a shorter time with a more aggressive acid, and 
showw the relative acid resistance of the two areas. These specimens were prepared 
forr conventional SEM observation. 

Too observe the amount of resin left on the surface after the aggressive air thinning 
proceduree used in the demineralization experiment, human incisors had the facial 
surfacess treated as for the experiment, but instead of light curing in the open 
atmosphere,, they were cured under vacuum to prevent oxygen inhibition. The 
teethh were sectioned perpendicular to the facial surface and the sectioned surface 
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wass etched for 60 seconds with a 50% (v/v) nitric acid solution, rinsed and dried, 

andd then processed for SEM observation. 

Results s 

PolarizedPolarized Light Evaluation 
Thee average areas of the lesions, as measured from the edge of the resin-based 
compositee divider to a distance 800 um from the divider, are shown in Table I. 
Withinn each group, the average area of the lesion on the resin-treated side was 
significantlyy smaller than the control side (p< 0.015). Figure la shows a polarized 

Tablee I 
Meann lesion area and lesion reduction for polarized light experiment. 

Group p 

1 1 

2 2 

Meann Lesion Area 

Controll  side 

5.30(1.37) ) 

4.000 (0.39) 

(nm2xx 104) 

Treatedd side 

2.422 (2.54) 

2.35(1.01) ) 

Lesion n 
Reduction n 

54% % 

41% % 

Statistical l 
Difference e 

yes(p<0.015) ) 

yess (p<0.015) 

Figuree la. Figure lb. 

Polarizedd light micrograph (25x) of a Polarized light micrograph (25x) of a 
representativee enamel lesion present representative enamel lesion present 
onn control side of Group 2 specimens. on the resin-treated side of the same 

Groupp 2 specimen as in Fig. 1 a. 
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lightt micrograph of a representative enamel lesion on the control side of a 
specimenn from Group 2, while Figure lb is a representative lesion on the resin-
treatedd side of the same specimen. Group 2 showed somewhat smaller lesions on 
thee control side compared to Group 1, but the difference was not statistically 
significant. . 

Microradiography Microradiography 

Thee average integrated mineral loss (IML) values for the lesions on the control 
andd resin-treated sides of Groups 1 and 2 are shown in Table II . The 
microradiographicc data shows trends similar to the polarized light experiment. 
Thee sample size for Group 1 was reduced by approximately 40% due to shattering 
duringg thinning of the sections for the microradiography experiment. For this 
reason,, the Group 1 values shown in Table II are unreliable in terms of actual IML 
andd are probably lower than would have been expected. The mineral loss was 
smallerr for the resin-treated sides of both groups compared to the control sides. 
Thee difference for IML mean values between resin-treated and control sides for 
Groupp 2 was statistically different at a high level (p< 0.001), while for Group 1 
thee difference was statistically different only at a p< 0.05 level, due to the reduced 
numberr of specimens. 

Tablee II 
Meann IML and IML reduction for microradiography experiment. 

Group p 

1 1 

2 2 

Meann IML (Vol % urn) 

Controll  side Treated side 

•1553(369)) *1010(689) 

1302(123)) 840(251) 

IMLL Reduction 

35% % 

36% % 

Statistical l 
Difference e 

Yess (p<0.05) 

Yes(pO.OOl) ) 

** based on reduced sample size 

FluorideFluoride Release 

Thee amount of fluoride measured in the demineralizing solution from Group 1, 
usingg the non-fluoride containing resin, was 0.009 ppm, while the demineralizing 
solutionn used for Group 2, with fluoride-containing resin, measured 0.014 ppm. 
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150 0 

Days s 

Figuree 2. Fluoride release of resin which contains 30% organic fluoride into 
distilledd water. 

Measurementss at these low levels may be somewhat inaccurate, but the ranking of 
thee values is as expected. Figure 2 shows the fluoride released into distilled water 
overr time for the fluoride-containing bonding resin used in Group 2. 

SEMSEM Analysis 
Figuree 3a shows an SEM micrograph of an etched enamel surface that was treated 
withh resin, as it remains after the alcohol wipe, while Figure 3b is the same 
surfacee after subsequent etching with 35% phosphoric acid. The resin protective 
effectt can be seen compared to a control area as shown in Figure 3 c, where the 
enamell  was acid etched, but not coated with resin. 

Thee SEM micrograph in Figure 4 shows a specimen that was light cured under 
vacuumm after aggressive air thinning of the applied resin. Since oxygen inhibition 
iss eliminated, the resin will cure and its morphology can be observed, indicating 
resinn tags of about 10 urn length, and a surface film estimated to be about 4 urn 
thick. . 
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Figuree 3a. Scanning electron 
micrographh showing the etched 
enamell  surface after application of 
ann aggressively thinned, light cured 
resinn film, which had the oxygen 
inhibitedd layer removed. Marker 
equalss 5 urn. 

Figuree 3b. An SEM of the same 
enamell  surface as shown in Figure 
3a,, that was subsequently acid 
etchedd with phosphoric acid, shows 
somee protection from the acid 
attack.. Marker equals 5 urn. 

Figuree 3c. Etched enamel with no 
resinn applied (control). Marker 
equalss 5 um. 
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Figuree 4. A cross-sectional view of 
etchedd enamel treated with a 
thinnedd resin film cured under 
vacuumm showing resin tags 
approximatelyy 10 urn in length. 
Markerr equals 5 um. 

Discussion n 

Itt was the purpose of this in vitro study to determine if polymerized resin within 
thee etched microporosities of an enamel surface would provide the enamel some 
protectionn against subsequent acidic demineralization. It is clear that a fully 
polymerizedd film on the outer surface will act as a barrier to acid attack, [9-11] 
andd even when such a cured film is removed from the surface, it has been found 
thatt there is protection by the polymerized resin remaining beneath the surface. 
[12,13]]  However, air thinning and cleaning procedures such as employed around 
ann orthodontic bracket or a bonded restoration, may reduce the thickness of the 
resinn to an extent that oxygen inhibition can prevent the formation of a 
polymerizedd film on the outer surface. In this study, the applied resin was air 
thinnedd aggressively immediately after application and prior to light curing, to 
ensuree that the outer surface film would be completely inhibited by oxygen. The 
thicknesss of SBMP resin that will be inhibited has been estimated to be about 8 
um,, from unpublished work by the authors. Figure 4 shows an SEM micrograph 
off  a specimen that was light cured in vacuum to prevent any oxygen inhibition of 
polymerization.. This micrograph demonstrates that the aggressively air thinned 
surfacee film is about 4 um thick. This small amount of resin thickness will not 
curee as a surface film, but can provide protection to the underlying resin from 
oxygenn in the atmosphere. Upon light curing, the resin impregnated into the 
etchedd microporosities of the enamel may be polymerized and act as a protective 
seall  to reduce demineralization. The photomicrographs of Figure 1 provide a 
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visuall  confirmation of this protective effect, as evidenced by the smaller enamel 
lesionn on the resin-treated side (Figure lb). Figure 3 also shows the protective 
effectt of the subsurface resin against acid attack on the enamel, where there is 
clearr evidence that with phosphoric acid etching of the treated enamel (Fig. 3b), 
theree is less attack of the enamel compared to untreated enamel (Fig. 3c). 

Thee data shown in Table I indicates that the demineralization of the resin-treated 
sidee was statistically significantly less than the control side (p<0.015). This was 
truee for both the non-fluoride resin and the fluoride-containing resin. The 
percentagee reduction in demineralization was substantial, being 54% for Group 1 
andd 41% for Group 2. There were similar findings for IML values. Table II 
showss the results for Groups 1 and 2 indicating statistically significant differences 
inn IML for the resin- treated sides compared to the control sides. The percentage 
reductionss in IML for Group 1 and Group 2 were similar at 35% and 36% 
respectively. . 

Becausee so many sections in Group 1 were lost in thinning them for 
microradiography,, the mean IML was most likely skewed toward a lower value, 
especiallyy for the control side which had the most vulnerable enamel. The lost 
sectionss were those that generally had the largest lesion areas in polarized light 
measurementss and therefore, would presumably have the greatest demineralization 
andd highest IML values in the microradiography experiment. Figure 5 shows the 
plott of the matched data comparing the polarized light lesion areas to the IML , for 
alll  available sections for both groups. The good correlation (r = 0.82) supports the 
presumptionn that the lost sections, which were those with the largest polarized 
lightt lesion areas, would have increased the mean IML . Despite the loss of 
sections,, an analysis of the reduced set of data for Group 1 still indicated a 
statisticallyy significant reduction (p< 0.05) in IML by resin treatment compared to 
thee control. 

Whilee the data in Tables I and II show that within Groups 1 and 2 there were 
significantt reductions in demineralization due to the presence of resin 
impregnationn on the treated enamel compared to the control enamel, there were no 
statisticallyy significant differences between Groups 1 and 2 for polarized light 
measurementss or IML . The polarized light data in Table I, show a reduction in 
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Figuree 5. Correlation between polarized light lesion area and IML obtained by 
microradiography. . 

lesionn area for the control side of Group 2 compared to Group 1. While this 
suggestss that fluoride may have influenced the demineralization, there was no 
statisticallyy significant difference between the two groups. Because of the lost 
specimenss from Group 1, the difference in IML between Group 1 and 2, 
especiallyy for the control side, is not as large as expected and there was no 
statisticall  difference found. 

Studiess [17,18] have shown that fluoride amounts in the 0.024 - 0.06 ppm range in 
aa demineralizing solution can significantly reduce the demineralization of enamel. 
Thee measured fluoride content of the buffer solution for Group 2 at the end of the 
fourr days was 0.014 ppm, which within the accuracy of the measurement appears 
too be consistent with what would be expected from the fluoride release profile of 
Figuree 2. This fluoride concentration is lower than cited in the above studies, but 
withh an unstirred solution, as used here, diffusion limitations would cause the 
fluoridee concentration near the tooth surface to be higher than what is finally 
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measuredd in the entire solution volume. What was observed was the loss of many 
sectionss from Group 1 during the thinning process, particularly because of the 
shatteringg of the untreated side. The fact that few sections were lost from Group 2 
suggestss that the enamel, especially on the untreated control side, was less fragile 
thann in Group 1. There may well have been a fluoride effect that provided this 
resistancee to fracture. This can also be seen through examination of individual 
minerall  loss profiles obtained by microradiography, where on the control sides of 
Groupp 2, there was consistent evidence of a pronounced mineral surface zone, 
whereass for Group 1, even in the sections that did not fracture, there was minimal 
evidencee of a surface zone. For Groups 1 and 2, the mineral profiles showed littl e 
surfacee zone formation on the resin-treated sides. This observation, along with 
thee similar demineralization values on the resin-treated sides of Groups 1 and 2 
shownn in Table I, indicates the demineralization process on the resin-treated sides, 
iss dominated by the resin impregnation effect, and fluoride did not have much 
effectt under the conditions of this study. 

Thee results of this study show that substantial reduction in demineralization can 
occurr from resin impregnation of etched enamel with no cured resin on the outer 
surface.. This has implications in designing and interpreting results of studies 
wheree the factors affecting demineralization are of interest. For example, it is 
important,, when comparing demineralization around a bonded and a non-bonded 
restoration,, to not attribute demineralization differences only to internal cavity 
sealingg differences, but to be aware that the outer enamel surface in the bonded 
groupp will be more resistant to demineralization because of resin impregnation, 
unlesss measures are taken to prevent this from happening, or the surface is 
abradedd to remove the entire resin impregnated enamel layer. 

Ann orthodontic study [19] where light-cured resins were applied to the etched 
enamell  before placing brackets has some parallels to the present study. Two 
differentt materials were used, one having no fluoride, and the other where both the 
brackett composite and the unfilled bonding resin contained fluoride. Since the 
unfilledd resins were light cured, it is possible that there was a cured outer surface 
film,, but the methodology presented did not give enough detail to know whether 
theree was air thinning or not. Also, the two resin systems used were different and 
soo curing efficiency could have been different. But one can presume that there 
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couldd be subsurface resin present in the enamel surrounding the orthodontic 
brackets.. The results of the study indicated that there was no observable 
demineralizationn of enamel on the teeth with the fluoride system, but 12.6% of the 
teethh in the non-fluoride control group, showed observable demineralization. The 
questionn then becomes how much of this difference in performance was due to 
fluoride,, and how much may have been due to the resin treatments of the surfaces. 

Asidee from the implications for design controls in studies, there are also some 
potentiall  clinical implications from the results found. Whether it be restorative 
proceduress or orthodontic procedures, if etched enamel is bonded with a light-
curedd resin, there may be a degree of protection conferred to that enamel, even if 
thee surface film is removed. The reductions in demineralization could be about 
50%,, which is a consequential amount. Enamel wear under normal conditions is 
estimatedd to be from 4-6 um per year [12, 20]. At such a rate, one might expect 
thee beneficial effect of subsurface resin, with tag lengths of approximately 10 um, 
too last for one to two years. In orthodontics however, demineralization is most 
frequentlyy observed adjacent to brackets, where enamel removal through 
toothbrushh abrasion is unlikely to occur, so the effect could be longer. Similarly, 
interproximall  areas near bonded restorations aren't abraded during toothbrushing, 
soo the resin impregnation effect could be long lasting. Further clinical 
investigationss would be required to validate these potential benefits. 

a.. 3M Dental Products, St. Paul, MN, USA. 

b.. Scientific fabrications, Layfayette, CO, USA. 

c.. Summagraphics Corporation, Seymour, CT, USA. 

d.. Orion Research Inc., Boston, MA, USA. 
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CHAPTERR 5 

AA fluoride-releasing composite for  dental applications 

EAEA Glasspoole, RL Erickson, CL Davidson. Dent Mater 2001; 17:127-133 

Abstract t 

Objectives.Objectives. The aim of this work was to attempt formulation of a dental 
composite,, for investigational purposes, which wil l release fluoride at a rate 
comparablee to glass ionomer materials, while retaining physical properties 
adequatee for potential use in a number of dental applications. 

Methods.Methods. An organic fluoride material, tetrabutylammonium tetrafluoroborate 
(TBATFB),, was incorporated into a hydrophilic monomer system made of 2,2-
bis[4-(2-hydroxy-3-methacroyloxypropoxy)phenyl]-propanee (BisGMA) and 2-
hydroxyethyll  methacrylate (HEMA). This fluoride-containing monomer system 
wass filled with silane treated quartz to 81% by weight. The resultant material was 
testedd for fluoride release, physical strength properties and bond strength to 
enamel,, each in comparison to control materials. 

Results.Results. Cumulative fluoride release from the experimental composite was 
approximatelyy linear over time and comparable to glass ionomer materials. The 
longg term rate of release exceeded several of the glass ionomer materials tested. 
Diametrall  tensile strength was comparable to resin-modified glass ionomer 
(RMGI)) materials. Bond strength to etched enamel was statistically equivalent to 
aa commercially available hybrid composite control. 

Significance.Significance. The experimental resin-based composite material could potentially 
bee used as an alternative to glass ionomer materials in non-stress bearing 
restorativee applications and for orthodontic bracket bonding, where high fluoride 
releasee is desirable. 
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Introductio n n 

Fluoridee release is a desirable attribute for a material used in some dental 
applications.. In general, materials that release greater amounts of fluoride have 
greaterr caries preventive potential and are desirable, so long as physical and 
mechanicall  properties are not adversely affected. Glass ionomers have long been 
acceptedd as materials that satisfy these requirements for a number of dental 
applicationss [1]. They, however, have disadvantages such as requiring mixing and 
relativelyy low fracture strength, so are of limited use in stress bearing areas [1]. 
Resin-modifiedd glass ionomer materials (RMGI's) have largely addressed the 
limitationn of fracture strength [2], but still require the mixing of two components. 
Becausee of this, there is interest in a material, such as a resin-based composite, 
whichh would eliminate the need for mixing, would have acceptable physical 
strengthh properties and fluoride release comparable to glass ionomers. 

Onee approach to accomplishing this is to incorporate an inorganic fluoride, such 
ass NaF, into the monomer system [3,4]. This method depends upon water 
diffusionn through the polymer matrix for dissolution of the fluoride compound 
withh subsequent outward migration of the fluoride, but which may over time result 
inn voids in the matrix and thus weakening of the material structure. A second 
approachh is that of dispersion of agents, which are sparingly soluble in water, into 
aa polymer matrix. Water diffusion into the polymer matrix results in some 
fluoridee release, but due to the low solubility, minimal volume loss wil l occur, and 
thoughh porosity may be avoided, fluoride release is relatively low. Examples of 
thiss method are the use of leachable glasses [5,6,7], or sparingly soluble salts such 
ass YbF3 [7,8,9]. In the referenced studies, fluoride release was found to be 
substantiallyy less than for glass ionomer materials. A similar approach used 
fluoridee encapsulated in an insoluble material as a filler in a polymer matrix [10]. 
Forr one such material, an early burst of fluoride release was observed, but over 
time,, considerably less fluoride was released than from a glass ionomer [11]. 

Organicc fluorides have also been examined as additives to polymer matrices. 
Kadomaa et al. [12] described the use of methacryloyl fluoride (MF) - methyl 
methacrylatee (MMA) copolymers in which the hydrolysis of acid fluoride groups 
resultss in the release of fluoride. Tanaka et al. [13] showed uptake of fluoride in 
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enamell  from a light cured sealant made from this material, and estimated fluoride 
deliveryy lasting for over 2 years. 

Yett a different approach is described by Kwan and O'Connell [14], where a 
complexx of a Lewis acid, such as BF3, and a Lewis base, such as 
diethylaminoethyll  methacrylate (DEAEMA), provide a polymerizable monomer 
whichh can be incorporated into a dental resin system. Fluoride is released by 
hydrolysiss of the Lewis acid. They describe an orthodontic adhesive capable of 
releasingg fluoride at a rate of 2-5 ug/cm2/day for a period of over one year. 

AA fluoride-exchanging material was described by Rawls and Zimmerman [15]. 
Thiss fluoride-releasing monomer is based on an acrylic-amine-HF salt from which 
fluoridefluoride can be released by replacement by another negatively charged ion from 
thee surrounding fluids. Linear fluoride release rates in the range of 6-9 ug/g/day 
weree found for composites containing t-butylamino ethyl methacrylate hydrogen 
fluoridefluoride (t-BAEMA:HF), and were comparable to silicates [16]. Hamer and Suh 
[17]]  extended the work of Rawls to make a fluoride-exchanging material using 
morpholinoethyll  methacrylate hyrofluoride (MEM:HF) as the fluoride releasing 
comonomer.. They found that this monomer resulted in approximately twice the 
fluoridee release as the one described by Rawls. 

Anotherr organic fluoride source that can be incorporated into a polymer matrix 
wass described by Aasen and co-workers [18]. One of their suggested fluoride 
sources,, tetrabutylammonium tetrafluoroborate (TBATFB), was used in this study 
too attempt formulation of a composite that might release fluoride comparable to 
glasss ionomer materials, while maintaining adequate physical properties. Aasen et 
al.. explored relatively low concentrations of the added fluoride compound in 
monomerr systems, resulting in fluoride release well below that of glass ionomer 
materials.. The current study used higher levels of the fluoride compound with 
twoo different monomer formulations. 

Methodss and materials 

Twoo polymerizable monomer systems were used in formulating the fluoride-
releasingg composite and their compositions are shown in Table 1. Monomer 
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systemm B is more hydrophilic than system A, and these two were chosen to 
examinee the effect that this difference might have on fluoride release, with the 
expectationn that system B might facilitate fluoride transport more readily. 

Tablee 1 
Compositionn of monomer systems investigated for use in formulating a 
fluoride-releasingfluoride-releasing composite (wt %). 

Systemm A 

Bis-GMAA 49% 

TEGDMAA 50% 

Initiatorss 1% 

Systemm B 

Bis-GMAA 62% 

HEMAA 37% 

Initiatorss 1% 

Inn order to obtain an approximation of the solubility limit of the organic fluoride 
inn the two monomer systems, amounts of 7.5, 15.0, 30.0 and 45.0 weight percent 
off  the organic fluoride were chosen to be added to the monomers. For each 
monomerr system, the fluoride additions were examined sequentially, beginning 
withh the 7.5 weight percent addition. The monomer systems and fluoride were 
mixedd at room temperature in a light protective polyethylene container. The 
sealedd bottles were then placed into a 60°C oven for one hour, with removal and 
handd agitation at 15-minute intervals. If the amount of fluoride could not be 
incorporatedd even at the elevated temperature, no further additions were 
attempted.. Those that did dissolve at the 60°C temperature were allowed to stand 
att room temperature and checked daily over a 3-day period for evidence of 
precipitationn of the fluoride. 

Fromm the above experimentation, it was found that the maximum level of the 
organicc fluoride that could be incorporated into system A was 15% by weight, 
whilee for system B, the maximum was 30% by weight. 

Fluoridee release rates from the two monomer systems were compared for the 
materials,, each with 15% by weight organic fluoride added. Four discs of each 
materiall  were made by light polymerizing the materials in a Teflon mold with 
polyesterr lined glass plates on either side. Light polymerization was for a total of 
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600 seconds, 30 seconds from each side. Immediately thereafter, these discs, which 
measuredd 22 mm in diameter and 1.2 mm in height, were individually suspended 
inn polyethylene vials containing 25 mis of deionized water and stored at 37°C until 
thee time of each measurement. To measure the fluoride concentration in water, a 
100 ml aliquot was removed from the vial and added to 10 ml of TISAB (Orion 
Research,, Boston, MA, USA). A fluoride selective electrode (Orion 96-09, Orion 
Research,, Boston, MA, USA) was used to measure concentration of fluoride in 
partss per million. The discs were returned to their respective containers with fresh 
deionizedd water and again placed into 37°C storage until the next measurement. 
Fluoridee release for each time period was recorded in ug of measured fluoride per 
cm22 of disc surface area (jig/cm2), after the appropriate calculation was performed. 
Cumulativee fluoride release was determined by adding the individual fluoride 
releasee measurements from each time period. Statistical differences between the 
groupss were evaluated by t-test. 

Fluoridee release was greater for system B, thus a fluoride-releasing resin was 
madee by adding 30% by weight TBATFB (Aldrich Chemical Co., Milwaukee, WI, 
USA)) to monomer system B. Two hundred grams of a composite was formulated 
withh this fluoride-releasing monomer system and a silane treated quartz filler at a 
ratioo of 19% monomer to 81% filler by weight. (Table 2). These were hand mixed 
att room temperature until a uniform consistency was obtained. This composite 
materiall  was characterized by testing for fluoride release, diametral tensile 
strength,, compressive strength, Barcol hardness and bond strength to enamel. 

Tablee 2 
Compositionn of an experimental fluoride-releasing composite. 

Wtt % 

Bis-GMAA 8.25 

HEMAA 4.92 

Initiatorss 0.13 

TBATFBB 5.7 

Quartzz Filler 8L0 
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Fluoridee release from the 30% by weight TBATFB containing resin and from the 
experimentall  composite was measured as described above for the monomer 
systems.. Four glass ionomer materials were also measured, by the same method, 
forr comparative purposes. These included two conventional glass ionomer 
materials,, Ketac-Fil (ESPE, Seefeld, Germany, Batch 045/23) and Fuji II (GC 
Corporation,, Tokyo, Japan, Batch 930928A/930929B) and two resin-modified 
glasss ionomers, Vitremer (3M Dental Products, St. Paul, MN, USA, Batch 
315R/320)) and Fuji II LC (GC Corporation, Tokyo, Japan, Batch 071234/291132). 
However,, both the conventional glass ionomers and the resin-modified glass 
ionomerss were stored in their respective molds at 95% relative humidity at 37°C 
forr one hour prior to placement in deionized water. 

Multiplee cylindrical samples of the cured experimental composite (n=6) were 
preparedd for diametral tensile and compressive strength testing. These were 
preparedd by placing the composite material into glass tubes and inserting silicone 
rubberr plugs above and below the composite. The sample tubes were individually 
placedd into a pressuree curing fixture such that the applied pressure on the sample 
materiall  between the rubber stoppers was between 35 and 40 psi for 5 minutes 
priorr to light curing, for the purpose of eliminating entrapped air bubbles. The 
specimenss were then cured with rotational movement for 80 seconds with two 
opposingg Visilux™ 2 Visible Light Curing Units (3M Dental Products, St. Paul, 
MN,, USA). After light curing, the glass tubes with composite samples inside, 
weree cut to size with a diamond saw (Isomet, Buehler Ltd., Lake Bluff, IL, USA) 
andd inspected visually for apparent flaws. For diametral tensile strength, the 
sampless were approximately 2.3 mm in height and 4 mm in diameter; for 
compressivee strength, they were about 7.3 mm in height and 4 mm in diameter. 
Afterr storage in deionized water at 37°C for 24 hours, height and diameter of the 
sampless was accurately measured with a micrometer, prior to measuring the force 
requiredd to break each sample on an Instron™ Universal testing machine (Instron 
Corp.,, Canton, MA, USA) at a cross-head speed of 1 mm/min. Values for other 
materialss using the same measuring technique were obtained from unpublished 
internall  data. 

Barcoll  hardness measurements were obtained on 1.2 mm thick discs of the 
experimentall  composite, immediately after light curing for 120 seconds, again 
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afterr water storage at room temperature for 24 hours and finally, after water 
storagee for 18 months. 

Thee bond strength of the experimental composite to etched enamel was measured 
comparedd to a control composite, Z100 (3M Dental Products, St. Paul, MN, USA, 
Batchh 6LC). Twenty extracted bovine teeth with no obvious flaws were embedded 
inn self-curing acrylic, (Quickmount, Fulton Metallurgical Products Corp., 
Saxonburg,, PA, USA) and an area of flattened enamel was exposed using 120, 320 
andd 600 grit silicon carbide paper. The specimens were individually acid etched 
withh 35% phosphoric acid gel (3M Dental Products, St. Paul, MN, USA) for 15 
seconds,, rinsed and air dried, after which a thin layer of bonding agent, 
(Scothchbondd Multi-Purpose Adhesive, 3M Dental Products, St. Paul, MN, USA, 
Batchh 41-5300-4747-5, JE), was applied, gently air-thinned and light cured for 10 
seconds.. A 2 mm thick Teflon mold with a hole, 4 mm in diameter was clamped 
overr the treated area and filled with the appropriate restorative material prior to 
lightt curing for 30 seconds. The samples were stored in deionized water at 37°C 
forr 24 hours, after which the shear bond strength between the composite and 
enamell  was measured using a wire loop on an Instron Universal testing machine 
att a cross-head speed of 2 mm/min. Statistical differences between groups were 
determinedd by t-test. 

Visuall  examination of failure mode was accomplished by viewing the bond 
strengthh samples under a light microscope at about 12x. Failure was identified as 
adhesivee if nothing remained on the enamel surface, cohesive (in composite) if 
remnantss of the composite remained in the bonded area and cohesive (in the tooth) 
iff  a portion of the tooth was removed. Failure mode was estimated to the nearest 
5%. . 

Finally,, degradation effects of 5 months of water storage for the specimens used in 
thee fluoride release experiment were examined visually, using both an optical 
microscopee and by SEM. Freshly made composite samples were used as a 
control.. Discs of these materials were fractured and observed both on the top 
surfacee and at the fractured surface. 
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Results s 

Solubility Solubility 
Thee solubility of TBATFB in monomer system A could not exceed 15% by 
weight.. At this level, slight precipitation began to form after approximately three 
dayss at room temperature storage. For monomer system B, 45% by weight of the 
TBATFBB could not be incorporated into the monomer, even at elevated 
temperatures,, but 30% by weight was stable at room temperature over an extended 
periodd of time. When examined over one year later, this system has remained 
stable. . 

MonomerMonomer System Fluoride Release 
Fluoridee release from the two monomer systems, each containing 15% by weight 
off  the organic fluoride, was measured out to thirteen days. The cumulative values 
att thirteen days were 3.08 ug/cm2 and 4.36 ug/cm2 for systems A and B 
respectively,, and were found to be statistically different ( p« 0.01), using a t-test. 

CompositeComposite Characterization 
Thee composition of the fluoride-releasing composite based on the information 
fromfrom the monomer systems as stated above is shown in Table 2. 

FluorideFluoride Release 
Tablee 3 shows the incremental and cumulative fluoride release for the 
experimentall  composite and the experimental resin for the test periods. For the 
composite,, a linear fit to the data produced the relationship y=1.96x + 9.328 
(r=0.999),, which gives a linear fluoride release rate of 1.96 ug/cm2/day. The data 
forr the cured resin alone yielded a linear relationship y=4.24x + 0.239 (r=0.995). 
Figuree 1 shows the cumulative fluoride release for the composite material 
comparedd to the glass ionomer control materials. With the exception of the 
earliestt time periods, where the glass ionomer materials show a burst of fluoride, 
thee fluoride release of the experimental composite is comparable to, or exceeds 
severall  of the glass ionomer materials over the time periods investigated. Table 4 
showss the approximate fluoride release rates (ug/cm2/day) at several time periods 
forr the materials shown in Figure 1. 
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Tablee 3 
Fluoridee Release for the Experimental Composite and Resin containing 
30%% TBATFB, with linear regression relationships. 

Composite e Resin n 

Day y 
2 2 
4 4 
7 7 

14 4 
21 1 
28 8 
43 3 
56 6 
71 1 
98 8 

140 0 

Incremental l 
(ug/cm2) ) 

9.33(1.60) ) 
4.300 (0.41) 
7.277 (0.32) 

18.966 (0.63) 
14.333 (0.19) 
11.06(0.23) ) 
31.355 (0.91) 
24.18(2.99) ) 
23.722 (0.42) 
58.111 (5.26) 
78.277 (7.98) 

Cumulative e 
(ug/cm2) ) 

9.3 3 
13.6 6 
20.9 9 
39.9 9 
54.2 2 
65.3 3 
96.6 6 

120.8 8 
144.5 5 
202.6 6 
280.9 9 

y== 1.96x +9.328 
(rr = 0.999) 

Incremental l 
(ug/cm2) ) 

6.888 (0.07) 
3.099 (0.24) 
8.577 (0.35) 

32.14(1.57) ) 
32.34(1.20) ) 
27.455 (3.63) 
85.422 (3.90) 
65.877 (5.07) 
56.155 (4.48) 

124.50(8.19) ) 
115.08(3.49) ) 

Cumulative e 
(ug/cm2) ) 

6.9 9 
10.0 0 
18.5 5 
50.7 7 
83.0 0 

110.5 5 
195.9 9 
261.8 8 
317.9 9 
442.4 4 
557.5 5 

yy = 4.24x + 0.239 
(rr = ( ).995) ) 

500--

400--
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Days s 

Figuree 1. Cumulative fluoride release for the experimental composite and several 
glasss ionomer materials. 



Tablee 4 
Estimatedd Fluoride Release Rates at Several Time Periods for Tested 
Materials. . 

Fluoridee Release Rates (ug/cmVday) 

Materiall  3 days 7 days 14 days 50 days 100 days 

Ketac-Fil l 

Fujii  II 

Fujii  II LC 

Vitremer r 

Expp Composite 

15.5 5 

5.0 0 

4.0 0 

5.0 0 

3.3 3 

7.5 5 

3.2 2 

2.6 6 

3.2 2 

1.9 9 

4.9 9 

1.9 9 

2.0 0 

2.1 1 

1.9 9 

2.2 2 

0.8 8 

1.1 1 

1.0 0 

1.9 9 

1.8 8 

0.6 6 

0.9 9 

0.8 8 

1.9 9 

DiametralDiametral Tensile Strength / Compressive Strength 
Valuess for diametral tensile and compressive strength compared to several glass 
ionomerr and composite materials are shown in Table 5. The experimental 
compositee had a diametral tensile strength that was similar to the resin-modified 
glasss ionomer materials and a microfilled composite, but greater than the 
conventionall  glass ionomers. The compressive strength of the experimental 
materiall  was comparable to the conventional glass ionomer materials and slightly 
lesss than the resin-modified glass ionomer materials. 

Thee mean Barcol hardness (with standard devation) of the experimental material 
immediatelyy after curing was 55 (0.2). After 24 hours of room temperature water 
storage,, it was 57 (1.2), and after 18 months of water storage, the mean Barcol 
hardnesss measured was 58 (0.7). 

BondBond Strength to Enamel /Failure Mode 
Thee results of bond strength to enamel measurements are shown in Table 6. There 
iss no significant difference between the mean bond strengths of the experimental 
compositee and the Z100 control material (p=0.05), as determined by t-test. The 
failuree mode for the two materials is also shown in Table 6. Failure is primarily 
adhesivee for both systems, with somewhat higher failure within the enamel for the 
experimentall  composite. 
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Tablee 5 
Diametrall  Tensile and Compressive Strength for Various Materials. 

Materiall  Diametral Tensile (MPa) Compressive (MPa) 

1722 (6.0) 

156(21.2) ) 

216(4.8) ) 

219(7.1) ) 

168(1.9) ) 

3855 (25) 

4777 (34) 

Ketac-Fil l 

Fujii  II 

Fujii  II LC 

Vitremer r 

Expp Composite 

Siluxx Plus 

Z100 0 

15.4(1.7) ) 

7.9(1.6) ) 

30.44 (4.3) 

40.33 (8.4) 

34.77 (0.5) 

444 (11) 

933 (10) 

Tablee 6 
Meann Bond Strength to Enamel, MPa (sd) and Failure Mode Summary for 
Experimentall  Composite compared to a Composite Control. 

Material l 

SBMP/Z100 0 

SBMP/Exp p 
Composite e 

Bondd Strength (MPa) 

22.00 (3.3) 

20.8(1.4) ) 

Adhesive e 

98 8 

79 9 

Failuree Mode (%) 

Cohesivee (comp) 

2 2 

5 5 

Cohesivee (tooth) 

0 0 

16 6 
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WaterWater Aging Effects 
Examinationn with an optical microscope revealed no differences on the outer 
surfacee or the fractured internal surface of the experimental composite specimens 
afterr long-term storage in water compared to freshly made specimens. SEM 
examinationn of the samples showed similar fractured surfaces (Figure 2). 

Figuree 2a. SEM micrograph of a 
fracturedd surface of the 
experimentall  composite 
immediatelyy after being made. 
Markerr equals 1 Oum. 
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Figuree 2b. SEM micrograph of a 
fracturedd surface of the 
experimentall  composite after 18 
monthss of water storage. Marker 
equalss lOum. 
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Discussion n 

Thee initial solubility and fluoride release testing indicated clear advantages for the 
moree hydrophilic BisGMA/HEMA monomer system over the BisGMA/TEGDMA 
system.. The advantages were in the ability to incorporate more of the organic 
fluoridefluoride and an increased fluoride release rate. This approach might be expected 
too result in a reduction in physical strength properties due to the lack of an 
efficientt crosslinking agent such as the TEGDMA. However, it was hoped that 
physicall  properties would be adequate for some dental applications. 

Measuredd properties for the formulated composite having an 81% by weight filler 
loadingg are shown in Table 5. The experimental material has diametral tensile 
strengthh properties intermediate between conventional glass ionomer materials, 
suchh as Ketac-Fil and GC Fuji II, and a universal hybrid composite, Z100, which 
hass relatively high strength properties. It is similar to resin-modified glass 
ionomerr materials and a microfilled composite. The compressive strength was 
comparablee to the conventional glass ionomer materials, but lower than the other 
materials.. The diametral tensile strength is of greater clinical importance than the 
compressivee strength, because this material in its clinical application wil l more 
likelyy be loaded in tensile or shear than in compression. Based on the 
comparisonss in Table 5, it seems that this experimental composite could find use 
inn a number of dental applications, such as orthodontic bracket bonding, Class III 
andd V restorations and primary molar restorations. 

Thee experimental composite had similar bonding to etched enamel characteristics 
comparedd to the control composite Z100. The mean bond strengths were 
statisticallyy equivalent and the failure modes were only slightly different, with 
adhesivee failure at the bonding site being the dominant mode of failure. The small 
increasee in cohesive failure within the enamel for the experimental composite is 
mostt likely related to test methodology, where differences in crack propagation 
mightt be caused by differences in physical properties of the two composites [19]. 

Thee critical aim of producing a material with fluoride release comparable to a 
glasss ionomer material appears to be satisfied as shown by the data in Figure 1. 
Thee primary difference between the experimental composite and the glass 
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ionomerss is that the composite has a linear release rate, whereas the glass 
ionomerss show a high early fluoride release rate which diminishes over time. The 
longerr term release rate of glass ionomers typically follows a t"2 relationship 
[20,21].. Linear release rates have, however, been described previously for 
polymerr systems utilizing organic fluoride additives [16], as well as for a 
fluoroaluminofluoroalumino silicate glass added to a resin matrix [7]. 

Thee fluoride release for the experimental resin and composite is shown in Table 3, 
alongg with the linear relationships derived from the curve fitting. From these 
relationships,, the rate of fluoride release of the resin is 4.24 ug/cm2/day and the 
ratee for the composite is 1.96 ug/cm2/day. Calculating for the theoretical filler 
dilution,, the volume percent of the resin in the composite is about 54%. Ignoring 
anyy effects other than dilution, it would be expected that the rate of release of the 
compositee should be about 2.3 ug/cm2/day. This is in reasonable agreement to 
whatt was measured, given the simplicity of the calculation. 

Cumulativee fluoride release may not be the best measure of effectiveness for a 
fluoride-releasingg material, rather fluoride release rates may be a better indicator. 
Tablee 4 shows approximate fluoride release rates, for the materials studied, at 
severall  times, as determined by dividing incremental fluoride release by the 
numberr of days in that measurement period. For the first two weeks, the fluoride 
releasee rate for the glass ionomer materials exceeds that of the experimental 
composite.. Beyond two weeks, the experimental composite shows comparable or 
greaterr fluoride release than the glass ionomer materials studied. Therefore, for 
longg term protection against demineralization, the experimental composite may 
providee comparable or greater protection to that shown by glass ionomer 
materials.. On the other hand, in vitro studies of the effect of fluoride on 
demineralizationn often have experimental time durations of less than two weeks, 
soo glass ionomers have an advantage in these types of studies. The early burst of 
fluoridee release from glass ionomers may also provide a long-term benefit if it 
resultss in a reservoir of fluoride, which can be maintained by the slower release 
thereafter.. The relative effectiveness of steady fluoride release versus a sudden 
earlyy burst of fluoride requires further clinical verification. 

Thee fluoride release rate of the experimental composite was substantially greater 
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thann some of the other fluoride-releasing composites that have been studied. 
Dijkmann et al. [7] looked at Heliomolar® which had a fluoride release rate of 
aboutt 0.2 ^g/cmVday after seven days and dropped to 0.02 ug/cm2/day after 100 
days.. They also examined an experimental composite which contained 65% by 
weightt of a fluoroalumino silicate glass, which resulted in 12.4% by weight of 
fluoridee in the composite. Here they observed a linear rate of fluoride release 
afterr about five days, and that release rate was 0.3 ug/cm2/day. 

AA different composite, FluorEver, which contained encapsulated fluoride [10], 
demonstratedd a large initial fluoride "burst", followed by a declining rate of 
releasee [11]. The fluoride release rate at 8 days was approximately 5 ug/cmVday, 
butt by 100 days was reduced to about 0.4 ug/cm2/day. In another study of the 
samee material [22], the fluoride release profile was similar, but the measured 
releasee rates were about one-half of that shown above. 

AA single paste orthodontic bonding material, Direct® was investigated by Fox [23]. 
Thiss material uses a fluoride-containing glass filler as the fluoride source. The 
fluoridefluoride release rate at 7 days was 0.75 ug/cm2/day and at 100 days it was 0.1 
ug/cm2/day. . 

Inn general, all of the above examples had lower fluoride release rates than the 1.96 
Hg/cm2/dayy rate for the experimental composite material. Assuming this linear 
releasee rate, the fluoride present in the experimental composite would be depleted 
inn about two years. Realistically, one could expect a year of fluoride release at 
thiss rate before experiencing a declining rate of release. 

Forr the 20 weeks that the fluoride release specimens were stored in water at 37°C, 
theree were no signs of degradation to the composite as viewed by both optical 
microscopyy and electron microscopy. Figure 2 shows a fractured surface of a 
freshlyfreshly made composite disc and one stored for 20 weeks in water. No discernible 
differencess were noted between the two that would suggest breakdown of the 
material.. Furthermore, the mean Barcol hardness of the experimental composite 
afterr 24 hours of water aging was 57, while after 18 months of water aging it was 
58.. This also would indicate that the material was not deteriorating over time, 
however,, additional testing would be required to prove long-term durability. 
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Thiss investigation was a feasibility effort aimed at demonstrating that a composite 
formulationn could be achieved that would have fluoride release similar to glass 
ionomerr materials and have moderate physical properties. While the results of 
thiss study are promising, much could be done to optimize such a composite 
formulationn for specific dental applications. However, for the purposes of the 
investigators,, this material is adequate for use in future investigations of its 
potentiall  for protection against demineralization. One application to be 
consideredd is that of using this material to bond orthodontic brackets with the 
purposee of controlling demineralization surrounding the brackets. The relatively 
highh rate of fluoride release over a period of one year or more fits well into the 
timee frame of orthodontic treatment, and the physical properties should be 
sufficientt for such an application. 
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CHAPTERR 6 

Dcmineralizationn of Enamel in Relation to the Fluorid e Release of Material s 

EE A Glasspoole, RL Erickson, CL Davidson. Amer J Dent 2001; 14:8-12 

Abstract t 

Purpose:Purpose: The purpose of this study was to examine the reduction in enamel 
demineralizationn provided by fluoride release from a conventional glass-ionomer, 
aa resin-modified glass-ionomer and an experimental fluoride-releasing resin-based 
compositee compared to a conventional resin-based composite control, and to 
correlatecorrelate the level of fluoride release with demineralization. 

MaterialsMaterials and Methods: Enamel surfaces of extracted human incisors had a 0.4 
mmm thick layer of the specified test material carefully placed in a band across the 
mid-faciall  enamel to simulate a cement layer beneath an orthodontic bracket. The 
topp surface of the test material was covered with nail varnish, leaving only the 
edgess of the material exposed to release fluoride. The teeth were additionally 
coveredd with nail varnish to within 1 mm of the test material. Each group of teeth 
wass placed into separate volumes of unstirred demineralizing solution at a pH of 
4.77 for four days. The specimens were sectioned and examined by polarized light 
microscopy.. Lesion areas were measured at distances from 100 - 800 urn away 
fromm the test material. Fluoride release for the test materials was measured for 
periodss up to five months. 

Results:Results: All of the fluoride-releasing materials demonstrated a statistically 
significantt (p<0.05) degree of protection of enamel from demineralization 
comparedd to the non-fluoride control material. The degree of protection was 
greatestt near the material, but lesion areas increased with distance in an inverse 
relationshipp to the amount of fluoride release. Lesions were displaced from the 
regionn near the materials and the mean displacement was directly related to 
amountt of fluoride release. The mean lesion areas for each distance decreased 
withh the logarithm of the cumulative fluoride release. 
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ClinicalClinical Significance: The fluoride releasing materials provided protection against 
enamell  demineralization adjacent to the material. The degree and range of 
protectionn was directly related to the amount of fluoride release. 

Introductio n n 

Thee usefulness of fluoride-releasing materials for prevention of enamel 
demineralizationn has been demonstrated with various model systems. [1] One 
particularr application where model systems have been used to study the 
effectivenesss of fluoride-releasing materials is orthodontics, where protection of 
enamell  surrounding a bracket or band is of interest, and white-spot lesion 
formationn is a common problem due to the inability to easily remove plaque from 
aroundd brackets with arch wires in place [2,3,4] (See Figure 1). 

Inn an in vitro study by Valk and Davidson [5], orthodontic brackets were bonded 
too bovine enamel with either a resin-based composite or a conventional glass-
ionomer.. After exposure to a demineralizing solution, the lesions formed were 
displacedd from the bracket bonded with the glass-ionomer by about 800 um, but 
thee resin-based composite resulted in lesion formation up to and undermining the 
compositee material. A similar result was observed by Basdra et al. [6] using two 
fluoride-releasingg resin based materials compared to a conventional composite. In 
thiss study, the material with greater fluoride release displaced the lesion by a mean 
distancee of 142 um, whereas the material with lower fluoride release had a mean 
displacementt of only 20 urn. Kindelan [7] compared two resin-based composites, 

Figuree 1. Photograph showing 
white-spott lesions present 
surroundingg orthodontic brackets 
afterr their removal. 
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twoo fluoride-releasing resin-based composites and a glass-ionomer for their ability 
too reduce demineralization around orthodontic brackets as determined by 
measuringg the mineral content of the demineralizing solutions. The best 
performingg material was the glass-ionomer, but it was not significantly different 
fromm one of the fluoride-releasing resin-based composites. The other fluoride-
releasingg resin-based composite was similar to the two standard resin-based 
compositee materials. Relative amounts of fluoride released from the various 
materialss were not presented. Recently Vorhies et al. [8] compared a resin-based 
composite,, a fluoride-releasing resin system and a resin-modified glass-ionomer. 
Thesee materials were used to bond brackets to human premolars which were 
treatedd by cycling between a synthetic saliva and 60 minutes per day in a 
demineralizingg solution. Lesion formation adjacent to the brackets was examined 
byy polarized light microscopy and the lesions adjacent to the fluoride-releasing 
materialss were found to be smaller than those adjacent to the resin-based 
composite,, but were not significantly different from one another. The fluoride 
releasee for the materials was not measured. 

Inn vivo models have also examined the effect of fluoride-releasing materials on 
reductionn of enamel demineralization. Rezk-Lega et al. [9] looked at the enamel 
positionedd in gaps under orthodontic bands cemented with two glass-ionomer 
cementss compared to a conventional cement. Both glass-ionomers showed 
reductionss in measured mineral loss compared to the control, and these relative 
reductionss in mineral loss were 49% and 27% respectively. The fluoride release of 
thee two materials was not presented. In another in vivo study [10], brackets were 
bondedd to premolars, scheduled for extraction, with either a fluoride-releasing 
resin-basedd composite or a conventional resin-based composite. The 
demineralizationn immediately adjacent to the bracket was examined by 
microradiographyy and there was a statistically significant reduction in 
demineralizationn when the fluoride-releasing composite was used compared to the 
controll  material. It has also been shown by Hallgren et al. [11], that the fluoride 
concentrationn in plaque surrounding orthodontic brackets was consistently higher 
whenn they were cemented with a glass-ionomer compared to a resin-based 
composite.. These measurements were carried out over a period of six months. 
Thee fluoride release of the glass-ionomer was not presented. 

107 7 



Whilee the studies above indicated benefit of fluoride release from some materials, 
onlyy a few of the studies provided information regarding relative levels of fluoride 
release.. It is, however, clear that there were differences between the effectiveness 
off  materials that was likely related to their levels of fluoride release. The purpose 
off  this in vitro study was to measure the fluoride release characteristics of three 
typess of fluoride-releasing materials, to determine their ability to reduce enamel 
demineralizationn compared to a non-fluoride releasing control material, and to 
examinee the relationship between the level of fluoride release and enamel 
demineralization. . 

Material ss and methods 

PreparationPreparation of samples - Twenty caries-free human incisors were chosen for this 
study,, and randomly divided into four test groups having five teeth in each group. 
Thee middle 2 mm of the facial enamel of each tooth was isolated between strips of 
firmlyy attached vinyl tape for the purpose of attaching a 0.4 mm thick layer of test 
materiall  in a band across the tooth. The tape also assured that the enamel was 
protectedd from alteration during the process of bonding the test materials. 
Standardd bonding procedures were used for each of the materials. The test 
materialss were a conventional glass-ionomer, a resin-modified glass-ionomer, an 
experimentall  fluoride-releasing resin-based composite and a common resin-based 
compositee control as shown in Table I. The experimental resin-based composite is 
aa Bis GMA/HEMA resin system which contains an organic fluoride and is filled 
att a ratio of 19% monomer to 81% filler. [12] 

Tablee I 
Testt materials used in study. 

Testt material Abbreviation Type 

3MZ100™™ Restorative a Z100 

Experimentall  Composite Exp 

3MM Vitremer™ a Vit 

Ketac-FiPP b KF 

Hybridd resin-based composite 

Fluoride-releasingg resin-based composite 

Resin-modifiedd glass-ionomer 

Conventionall  glass-ionomer 
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MeasurementMeasurement of demineralization - Once the test materials were bonded and the 
protectivee tapes removed, they were allowed to mature in 100% humidity for about 
22 hours. Nail varnish was applied to the teeth to within 1 mm of the test materials 
andd also to the top surface of the test materials, leaving only the 0.4 mm edges 
exposedd over a length of approximately 4 mm. Each group of teeth was then 
suspendedd in 500 milliliter s of an unstirred acidic buffer solution (2.2 mM Ca2+, 
2.22 mM PO43" and 50 mM acetic acid at pH=4.7 and 22°C) for 4 days to induce 
artificiall  lesion formation. 

Al ll  specimens were thoroughly rinsed with distilled water upon removal from the 
acidicc solution and multiple sections were cut perpendicular to the enamel surface, 
usingg a Silverstone/Taylor hard tissue microtome0. The sections were cut 
approximatelyy 150 urn thick to minimize damage to the demineralized enamel 
surface.. Only sections with the demineralized enamel intact were kept for 
analysis.. The lesions on both sides of the test material were then examined by 
polarizedd light microscopy in a water medium, and photomicrographs were 
obtainedd on 35 mm transparency film. The polarized light transparencies were 
projectedd and tracings at a magnification of 200x were made from them. Areas of 
thee magnified lesions adjacent to the test material were measured at distances 
correspondingg to 100, 200, 400, 600 and 800 urn away from the test material, 
utilizingg a digitizing board (SummaSketch II Plusd). Because of the fragility of 
demineralizedd enamel, only several representative sections were individually hand 
polishedd to 80-100 jam for high quality photographic recording. The lesion areas 
measuredd at 200x were subsequently converted back to areas in square 
micrometers. . 

DisplacementDisplacement measurement — From the same tracings used for lesion area, the 
distancee from the test material to where the lesion began was measured. 
Measurementss were converted to micrometers. 

FluorideFluoride release - Fluoride release from the test materials was measured for up to 
55 months. Discs (d=2.2 cm; h=0.12 cm) of the fluoride-releasing materials were 
madee by polymerizing the material in a Teflon mold with polyester lined glass 
platess on either side. These discs were individually suspended in polyethylene 
containerscontainers with 25 mis of deionized water and stored at 37°C until the time of 
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eachh measurement. To measure the fluoride concentration in the water, a 10 ml 
aliquott was removed and added to 10 mis of TISABe An Orion Model 96-09 
fluoridefluoride selective electrode6 was used to measure the concentration. The discs 
weree returned to their respective containers with fresh deionized water and stored 
att 37° C for the next period of time. Standard fluoride solutions were diluted with 
TISABB and a calibration curve was determined for the fluoride electrode. 
Calibrationn was reevaluated in the same way prior to each measurement period. 

StatisticalStatistical analysis - Values for the demineralization at each test site were obtained 
byy averaging the sections from that site. These values were then used to obtain 
meann values for the demineralization. Statistical comparisons of the mean values 
forr each group were determined using ANOVA and a Tukey-Kramer post hoc test 
wass used to compare individual means at a 5% level of significance. 

Results s 

FluorideFluoride release 

Cumulativee fluoride release for the three test materials is shown in Figure 2. The 
experimentall  resin-based composite showed linear fluoride release, unlike the two 
glass-ionomerss which had the typical decreasing rate of release over time. Over 
longerr periods of time, the experimental resin-based composite has fluoride 
releasee comparable to glass-ionomers. 

Demineralization Demineralization 
Meann lesion areas at the five measurement distances for all materials are shown in 
Tablee II. All three of the fluoride-releasing materials showed statistically 
significantt reductions in demineralization, at all measured distances, compared to 
thee control (p<0.05). The experimental resin-based composite and Vitremer were 
nott statistically different at any distance. Similarly, Ketac-Fil and Vitremer were 
statisticallyy equivalent at all distances. The data is shown graphically in Figure 3. 

Thee relationship between lesion area and 4-day cumulative fluoride release is 
shownn in Figure 4 for each test material at each measured distance. For Z100, 
whichh does not release fluoride, an arbitrary minimal value of 0.01 ug/cm2 was 
chosen.. The relationship between lesion area and the logarithm of fluoride release 
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Figuree 2 a. Long-term fluoride release of Ketac-Fil, Vitremer and the experimental 
compositee into distilled water. 

Days s 

Figuree 2b. Short-term fluoride release of test materials into distilled water. 
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Figuree 3. Mean enamel lesion areas at five measurement distances for all test 
materials. . 
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Figuree 4. The relationship between lesion area and 4-day cumulative fluoride 
releasee at all measured distances for the test materials. 
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iss linear, with correlation coefficients (r2) between 0.99 and 1.0. 

Displacement Displacement 
Forr the fluoride-releasing materials, the demineralization lesions were frequently 
displacedd away from the materials, whereas, with the Z100 control, the lesions 
tendedd to undermine the material. Typical lesions are shown for Z100, the 
experimentall  resin-based composite and Ketac-Fil in Figure 5, where the 
displacementt and undermining can be noted. In particular, the displaced lesion 
forr Ketac-Fil (Figure 5c) is just apparent at the edge of the photomicrograph. The 
meann displacement for Z100 was -29.6  8.0 um and for the experimental resin-
basedd composite was 339.5  207.4 urn. Definitive displacement values for the 
otherr two materials could not be determined because for some specimens, there 
wass no lesion within the unvarnished area. 

Discussion n 

Theree is sufficient evidence from a variety of studies to support the belief that 
fluoridee released from materials inhibits the demineralization of enamel adjacent 
too those materials. [1, 5-10] What has generally been lacking is information on 
thee relationship between fluoride release characteristics of the materials studied 
andd their relative effect on enamel demineralization. Such a relationship was 
examinedd with an in vitro study of enamel demineralization where the 
demineralizingg solutions had different fluoride concentrations, [13] and a linear-
logg relationship was found between demineralization and fluoride concentration. 
However,, littl e has been done to examine such relationships where the fluoride 
sourcee is a restorative material. Dijkman et al. [14] related fluoride release into 
waterr with in situ enamel demineralization for several fluoride-releasing resin-
basedd composites and also derived a logarithmic relationship between 
demineralizationn and cumulative fluoride release. It was the purpose of the 
authorss of the present study to use an in vitro model to examine the relationship 
betweenn fluoride release and enamel demineralization adjacent to three different 
fluoride-releasingfluoride-releasing materials compared to a resin-based composite control. 

Thee three test materials had different fluoride release profiles, both in amount and 
ratee of release, but the long term cumulative fluoride release of all of them fall at 
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Figuree 5a. Polarized light 
micrographh (25x) of a representative 
enamell  lesion present adjacent to 
Z100. . 

Figuree 5b. Polarized light 
micrographh (25x) of a representative 
enamell  lesion present adjacent to 
Experimentall  Resin-based 
Composite. . 

Figuree 5c. Polarized light 
micrographh (25x) of a representative 
enamell  lesion present adjacent to 
Ketac-Fil. . 
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thee high end for fluoride releasing materials (Figure 2). The experimental resin-
basedd composite displays a linear fluoride release after several days. Such a 
fluoridefluoride release profile has been previously described for composites filled with 
fluoridefluoride containing glasses. [14,15] It has been suggested that the relationship 
describingg the fluoride release for such a material is: [15] 

[ F hh • t 
[[ F ] = + a t , and the fit to this relationship for this material 

tt  i/2 + t 

yieldss values for the parameters of [ F ] j = 14, t|/2 = 3 and a = 1.9. 

Ketac-Fill and Vitremer show typical glass-ionomer fluoride release profiles. A 
relationshipp that describes the fluoride release for glass-ionomers is: [15] 

[ F hh • t 
[F ]] = + pt1/2. For Ketac-Fil, [ F ] j = 65, t1/2 = 1.2 and p = 30, 

tt i/2 + t 

whilee for Vitremer, [ F ] j - 18, t1/2 - 1.2 and 0 = 14. 

Thee current study focused on the short-term response of fluoride, so the curves of 
Figuree 2b show the pertinent time range in more detail. Future studies will 
examinee the relationship of long-term fluoride release to demineralization. 

Thee data of Table 2 and plot of Figure 3 show a substantial reduction in 
demineralizationn for the fluoride releasing materials compared to the control. In 
thee case of Ketac-Fil, there is nearly total inhibition of demineralization out to the 
maximumm range of measurement of 800 urn. The unstirred solution of this study 
createss an environment where the fluoride diffuses outward from the test materials 
creatingg a decreasing concentration gradient of fluoride as you move away from 
thee material. The concentration will also be dependent upon the relative release 
ratee of fluoride from the material. At any given distance, the local fluoride 
concentrationn will be reflected by the degree of enamel demineralization. This 
cann be seen in the curves for the lesion areas at each of the measured distances 
(Figuree 3). The gradient effect can also be observed in the photograph for the 
experimentall resin-based composite in Figure 5b. 

Hallgrenn [11] has measured an increase in plaque fluoride concentration around 
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orthodonticc brackets bonded with glass-ionomer materials compared to resin-
basedd composite over a period of six months. The model of the current study is 
intendedd to simulate such diffusion of fluoride into the saliva and plaque on a 
toothh surface, and although it is simplistic, it is useful for examining relative 
effectivenesss of materials. The range to which fluoride can diffuse with effective 
concentrationn is limited, and at some distance from the material, the lesion 
formationn will be similar to the resin-based composite. 

Althoughh there are some statistical differences in mean lesion areas between 
materials,, the standard deviations are relatively large, so that statistical differences 
weree not demonstrated at the greater distances where they might be expected; 
however,, all of the fluoride-releasing materials were significantly different from 
thee Z100 control. A likely reason for the high variability is because human 
incisorss used for this study had intact enamel surfaces that were not altered in any 
wayy prior to their use, leaving them with variable surface fluoride levels, and 
variablee amounts of prismatic and aprismatic enamel. This is indicated in the raw 
dataa where some specimens had no demineralization at any distance, while others 
hadd substantial demineralization. For example, for Vitremer, 40% of the 
specimenss showed no lesion formation out to 800 urn, while the other 60% of the 
specimenss showed lesion formation at 100 - 200um from the material. It is 
expectedd that if the surface enamel had been ground away, the variability might 
havee been decreased, and other statistical differences may have been demonstrated 
betweenn materials. This variability likely occurs clinically as well, and for this 
reason,, the decision was made to leave the enamel surface intact. 

Ass discussed above, lesion formation was displaced in some cases by greater than 
8000 urn. Measurements of the mean displacement were made for the experimental 
resin-basedd composite and Z100, and they were 339.5  207.4 um and - 29.6
8.00 um respectively, the latter number indicating undermining of the control 
compositee material Definitive numbers could not be obtained for Vitremer and 
Ketac-Fill  because no lesion formation was found within the measurable distance 
forr 40% of the Vitremer specimens, and 90% of the Ketac-Fil specimens. 
However,, estimates can be made which suggest the mean displacement for 
Vitremerr would be > 500 um, and for Ketac-Fil it would be > 800 um. Others 
havee also found lesion displacement from various materials using in vitro model 
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systems.. In a study by Valk and Davidson [5], the mean displacement on ground 
bovinee enamel was 818 um for a glass-ionomer. Basdra et al. [6] measured 
lesionss produced on unaltered human premolars in an acidic gel system after 4 
weekss (pH=4.8), and found a mean lesion displacement of 142 um for a fluoride 
containingg resin material which had a cumulative fluoride release of 
approximatelyy 40 ug/cm2 after 1 month. The other material used in their study had 
aa displacement of only 20 um and its cumulative fluoride release after 1 month 
wass about 10 ug/cm2. This fluoride release measurement is confirmed by 
Chadwickk and Gordon. [16] Even though the displacements measured by Basdra 
ett al. [6] were in a gel system, the results are reasonably consistent with the results 
off  the current study, which used an aqueous demineralization system. 

Too examine dose response relationships, the lesion areas for each material were 
plottedd against the logarithm of the 4-day cumulative fluoride release as suggested 
byy Dijkman et al [14]. This was done for each of the five distances away from the 
material.. For Z100, an arbitrary fluoride release was assigned at a low level of 
0.01.. Since there is no zero value for a logarithmic scale, a finite value needs to 
bee assigned, and while Z100 has no measurable fluoride release, there will still be 
aa low level of fluoride in the demineralizing solution near the enamel due to 
releasee from the enamel. Figure 4 shows the data plotted as described above. The 
dataa fit in all cases had correlation coefficients which ranged from r2 = 0.99 to 
1.0.. This relationship would probably break down at distances much larger than 
8000 um where effective levels of fluoride no longer were obtained. 

Thee results of this study indicate that fluoride, released from materials, can exert 
ann inhibiting effect on demineralization of enamel adjacent to the material. The 
rangee and degree of protection is directly related to the level of fluoride release, 
andd the lesion area was logarithmically related to fluoride release for distances up 
too 800 um away from the material. 

Forr prevention of white spot lesions around orthodontic brackets, it is desirable to 
bee able to inhibit demineralization to a range of at least 1.0 mm and preferably 
furtherr (Figure 1). In the present model, at 0.8 mm, the reduction in 
demineralizationn was 73% for the experimental resin-based composite, 85% for 
Vitremerr and 99% for Ketac-Fil. At least in this model, the range and degree of 
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protectionn afforded is promising, but it is also clear that relatively high levels of 
fluoridefluoride release are required. An examination of the long-term relationship 
betweenn fluoride release and demineralization in model studies is needed. 
Moreover,, in vivo studies are also needed to determine the relevance of these in 
vitroo model results. 

a.. 3M Dental Products, St. Paul, MN, USA. 

b.. ESPE, Seefeld, Germany 

c.. Scientific Fabrications, Lafayette, CO, USA. 

d.. Summagraphics Corporation, Seymour, CT, USA. 

e.. Orion Research Inc., Boston, MA, USA. 
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CHAPTERR 7 

Summaryy and conclusions 

Ass described in Chapter  1, there were two primary objectives in these 

investigations: : 

1)) To determine methods of obtaining adequate bond strengths to enamel 
forr a number of fluoride-releasing materials that are potentially useful 
inn bonding orthodontic brackets and 

2)) To examine the fluoride release of these same materials and their 
potentiall  for reducing demineralization of enamel adjacent to 
orthodonticc brackets. The studies are summarized below. 

Bondingg to enamel 

Inn most bonding studies, brackets are bonded to intact human enamel. However, 
inn the investigations described in Chapters 2,3 and 5, cylinders of the tested 
materialss were bonded to ground bovine enamel. Bovine enamel is commonly 
substitutedd for human enamel in restorative bonding studies and is believed to be 
ann appropriate substitute when flat ground. Grinding the enamel surfaces 
producess a more uniform bonding surface free of defects and aprismatic enamel. 
Testt reliability is also improved by providing a flat surface for a more precise 
alignmentt of the shear apparatus. Brackets were not used because they can 
introducee complications in interpretation of results. As mentioned in Chapter 1, 
failuree at the bracket interface is common and bracket design influences the bond 
strengthh achieved. The intent of these investigations was to examine the effect on 
bondd strength of various enamel pretreatments used with specific materials. This 
seemedd best done by not introducing another interface such as a bracket. 

Thee challenge in using this method as described for these bond strength studies, is 
too relate the results to published bonding studies and clinical failure rates, in order 
too determine the suitability of the tested materials for orthodontic bracket 
applications.. Typical clinical treatments use resin-based composite bonding 
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materialss and phosphoric acid etching of the enamel. While some 4-10% of these 
bondss fail, this is considered the benchmark for bracket bonding [Chapter 1 ref 
#76,77].. In laboratory testing using a shear/peel type test on unground enamel, 
thee bond strengths range from about 4-11 MPa [Chapter 1 ref # 78,79]. Using a 
shearr only test, bond strengths to unground enamel are in the range of 14-15 MPa 
[Chapterr 1 ref # 101, 106]. However, bonds measured by a shear only method on 
groundd enamel are typically greater than 20 MPa. The experimental resin-based 
compositee described in Chapter  5 had a shear bond strength to ground enamel of 
222 MPa, similar to many control resin-based composite materials. Therefore, this 
experimentall  material is likely to be suitable for bonding orthodontic brackets. 

Thee compomer described in Chapter  3 also produced a shear bond strength of 24-
277 MPa when used with typical phosphoric acid etching of enamel. Laboratory 
shearr bond strength studies of other compomers on unground etched enamel gave 
bondd strengths of around 14 MPa [Chapter 1 ref # 102,113], which is similar to 
resin-basedd composite bonds tested in the same way. A clinical study of a 
compomerr bonded with acid etching gave equivalent results to that obtained with 
aa resin-based composite control [Chapter 1 ref # 57]. These results suggest that 
compomer,, bonded in combination with an acid etch pretreatment, is also suitable 
forr orthodontic bracket use. 

Inn Chapter  3, an alternative conditioning agent (primer), that has substantially 
reducedd etching capacity, was used with the compomer to evaluate the shear bond 
strengthh to ground enamel. The bond strengths measured were 11 MPa, when the 
conditionerr was not agitated during the application time, and 17 MPa when it was 
agitatedd and replenished during this time. However on unground enamel, the 
degreee of etching would be reduced by the presence of aprismatic enamel, so one 
mightt expect the bonds to such enamel to be lower. Based on the above 
observations,, it would appear that the primer treatment without agitation may not 
providee an adequate bond for orthodontic brackets. Though the bond strength is 
somewhatt improved by agitating the primer, it's uncertain whether that bond is 
adequatee for bracket bonding, and would require further clinical verification. 

Thee effect of various surface treatments on the bond strength of glass-ionomers to 
enamell  was examined in Chapter  2. Evidence of micromechanical bonding was 
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identifiedd and acidic conditioning of the enamel resulted in enhanced 
micromechanicall  bonding and substantially increased bond strengths for both 
conventionall  and resin-modified glass-ionomers (RMGI). Even though the bond 
strengthh of a conventional glass-ionomer was doubled by etching, it was still quite 
loww (~7 MPa), and clinical studies have shown that conventional glass-ionomers 
aree unacceptable as orthodontic bracket cements due to high failure rates, as noted 
inn Table 3 of Chapter 1. 

Onn the other hand, resin-modified glass-ionomers have been found to perform 
comparablyy to resin-based composite materials in clinical evaluations, particularly 
withh enamel conditioning [Chapter 1 ref # 111,112], as shown in Table 5 of 
Chapterr 1. In the investigation of Chapter  2, both of the RMGI's studied showed 
significantt improvement in bond strength to enamel when conditioned/etched with 
polyacrylicc acid (PAA) or phosphoric acid (PA). Bond strengths of 17-20 MPa 
weree attained in shear bond testing to ground enamel and resin tag penetration was 
observedd in the conditioned/etched enamel surfaces. Published studies using a 
similarr test method and another RMGI obtained values comparable to those found 
inn this investigation, as shown in Table 4 of Chapter 1 [ref # 98,103]. These 
resultss suggest that RMGI's, when used with conditioning or etching, are suitable 
forr bracket bonding. Additional durability studies and clinical testing would be 
usefull  in confirming this observation. 

Itt should be noted that without conditioning or etching, the shear bond strengths 
off  RMGI's found in Chapter  2 were only about 4-7 MPa. Similar bond strength 
valuess are found in the literature for unground enamel, as shown in Table 4 of 
Chapterr 1. There is evidence that bond strengths of this magnitude are likely to be 
tooo low to provide adequate retention of orthodontic brackets, and this appears to 
bee confirmed by clinical evaluation, as shown in Table 5 of Chapter 1. 

Fluorid ee release and reduction of enamel demoralization 

Inn Chapter  4, the effect on demineralization of polymer remaining in the etched 
enamell  porosities following surface cleanup and subsequent polymerization was 
examined.. It was found that such polymer reduces the ability of acids to 
demineralizee the enamel. When fluoride was added to the polymer, there was 
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somee evidence that this effect was enhanced, but experimental difficulties 
complicatedd the interpretation. This study also was conducted to verify the 
premisee that remaining polymer resin penetrated into the etched enamel 
subsurfacee surrounding orthodontic brackets can give a false impression of the 
effectivenesss of fluoride release from a bracket bonding material. The results of 
thiss study suggest that a reduction in demineralization from polymer penetration 
off  the etched enamel surrounding a non-fluoride bracket bonding material could, 
potentially,, be as great at the reduction caused by fluoride from a bracket material 
wheree the surrounding enamel was not pre-coated with resin monomers. Study 
designss for both in vitro and in vivo studies where the effect of fluoride on 
demineralizationn is being evaluated, must incorporate methods that prevent resin 
fromm contact with the surrounding enamel. 

Chapterr  5 describes a novel fluoride-releasing resin-based composite material 
thatt was developed with the goal of having relatively high fluoride release, while 
maintainingg physical properties. This material provided linear fluoride release 
withh time at a level of about 2.0 ug/cm2 per day, which is higher than other 
fluoride-releasingfluoride-releasing resin-based composites. Using the cumulative fluoride release 
throughh 7 days, and the 24-hour release at 7 days, comparisons can be made to 
otherr resin-based composite materials as shown in Table 2 of Chapter 1. The 
experimentall  material has a cumulative fluoride release at 7 days of about 21 
ug/cm22 and a 24-hour release of about 2.0 (xg/cm2. With the exception of 
FluorEver®,, all the other resin-based composite materials had lower fluoride 
release,, some being substantially lower. FluorEver has a relatively high fluoride 
releasee through 7 days, but by 100 days, its 24-hour release is down to 0.4 ug/cm2, 
welll  below that of the experimental material. It should be noted that the 
experimentall  material has 24-hour fluoride release at 100 days that is greater than 
mostt glass-ionomer materials, and is comparable to KetacFil®, which had the 
highestt release rate of the materials investigated, as shown in Table 4 of Chapter 1. 

AA compomer material was examined for its bonding characteristics in Chapter 3. 
Fluoridee release was also measured for this material, though not presented in the 
bondingg article, and its cumulative fluoride release was about 24 ug/cm2 at 7 days 
andd 73 ug/cm2 at 100 days. Its average daily release at 7 days was about 1.5 
ug/cm22 and at 100-days was about 0.3 ug/cm2. The daily fluoride release of 
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anotherr compomer, Dyract®, at 7 days was 1.1 ug/cm2 (averaged from 5 studies; 
seee Table 2, Chapter 1). For both of these compomers, the fluoride release is 
lowerr than glass-ionomers and also the experimental resin-based composite as 
shownn in Table 4 of Chapter 5. Glass-ionomers characteristically release fluoride 
att a relatively high rate in the first few days after water immersion, but after 1-2 
weeks,, exhibit a slow decrease in the rate of release. This behavior is illustrated in 
Figuree 1 of Chapter 5 and described in Chapter 6 as having a t'/z time dependence. 
Tablee 4 of Chapter 5 and Table 2 of Chapter 1, show that the cumulative and daily 
fluoridefluoride release rates for glass-ionomers exceed those for most resin-based 
compositee and compomer materials. An exception is the experimental resin-based 
compositee at times beyond about 2 months as discussed above. 

Thee effectiveness of fluoride released from materials, in reducing demineralization 
adjacentt to orthodontic appliances, was examined with an in vitro model described 
inn Chapter  6. This model showed that demineralization can be reduced by the 
fluoridefluoride released from the materials. The distance and magnitude of the reduction 
iss directly related to the amount of the fluoride release, and appeared to have a 
logarithmicc dose response relationship (see Figures 3 and 4 of Chapter 6). This 
modell  clearly shows that the quantity of fluoride available is important. However, 
thee demineralization period in this model took place over 4 days, which is the time 
periodd when most materials have their highest release, and may not be predictive 
off  the long-term protective effect of individual materials that have different 
fluoride-releasefluoride-release characteristics over time. For example, the long-term comparison 
off  protective effects might favor materials such as the experimental resin-based 
compositee over a material like Vitremer, because the total cumulative fluoride-
releasee and incremental daily fluoride release become greater for the experimental 
compositee after about a month. It's not known if the early burst of fluoride 
associatedd with glass-ionomer materials is more important than a steady release 
overr a long period of time. However, it is a general concept in caries that the 
continuall  presence of low levels of fluoride is important in prevention of 
demineralization. . 

Theree is insufficient evidence from clinical trials to provide validation of the in 
vitroo model as mentioned in Chapter 1, where Table 3 provides data from 
applicablee studies. Only 3 studies showed a significant reduction in incidence of 
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demineralizationn between a fluoride-releasing material and a non-fluoride control; 
eachh of these 3 studies used a test material with a relatively high level of fluoride 
release.. In studies where the test material released relatively low levels of 
fluoride,fluoride, there was no significant difference between test materials and controls. 
However,, the relationship between fluoride release and demineralization is made 
lesss clear because 2 of the studies using glass-ionomers also saw no significant 
differencee in demineralization compared to resin-based composite controls. The 
clinicall  results tend to support the in vitro evidence, but additional carefully 
designedd studies are needed to determine the effectiveness of fluoride release of 
materialss in preventing white spot lesions around orthodontic brackets. Moreover, 
thee effect on reduction of demineralization by other components in the material, 
alonee or in combination with fluoride, require further investigation. 

128 8 



Samenvattingg en Conclusies 

Inn Hoofdstuk 1 zijn de twee primaire doelstellingen van dit onderzoek 
geformuleerd.. Deze luiden: 

1)) Methoden te onderzoeken om een toereikende hechtsterkte aan 
tandglazuurr te verkrijgen voor een aantal fluoridenafgevende materialen, 
diee in aanmerking zouden kunnen komen om als orthodontisch bracket-
cementt dienst te doen en 

2)) De mate van fluoridenafgifte van deze materialen te meten, teneinde hun 
effectiviteitt vast te stellen om demineralisatie van tandglazuur in de buurt 
vann de brackets te beperken. 

Hechtingg aan tandglazuur 

Inn tegenstelling tot de meeste hechtingstudies, waarin de brackets worden gehecht 
aann gaaf menselijk tandglazuur, werden in de onderhavige onderzoeken, zoals 
beschrevenn in Hoofdstukken 2,3 en 5, cilinders van de te testen materialen 
gehechtt aan vlak afgeslepen runder tandglazuur. Runder tandglazuur wordt vaak 
alss vervanging van menselijk tandglazuur in hechtingstudies gebruikt omdat de 
structurele,, fysische en chemische eigenschappen goed overeenkomen en er 
eenvoudigerr een voldoende groot stuk is vlak te slijpen. Door het vlakschuren 
wordtt een uniformer hechtingssubstraat verkregen, dat minder defecten en a-
prismatischh glazuur bevat. Het platte vlak draagt ook bij aan betrouwbaarder 
metingenn omdat de monsters preciezer zijn te plaatsen in de schuifbelasting 
testopstelling.. Er werden in dit onderzoek geen echte brackets gebruikt omdat dat 
additionelee problemen mee zou brengen bij de interpretatie van de meetresultaten. 
Zoalss in hoofdstuk 1 is aangegeven, speelt de vorm van de bracket een rol in de 
breukk aan het interactievlak en derhalve ook in de meetwaarde van de 
hechtsterkte.. De opzet van deze onderzoeken was het effect op de hechtsterkte te 
bepalenn van diverse tandglazuur voorbehandelingen in combinatie met 
verschillendee materialen. Dit bleek het best te lukken door niet nog een extra 
parameterr zoals de vorm van de bracket, te introduceren. 
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Hett doel om met de beschreven methode de hechtsterkte te bestuderen, is om in 
vitrovitro literatuur gegevens en gerapporteerde gevallen van klinische falen onderling 
tee vergelijken, ten einde de bruikbaarheid van de onderzochte materialen vast te 
stellen.. De gebruikelijke voorbehandeling van het tandglazuur bestaat uit etsen 
mett orthofosforzuur. Alhoewel toch nog 4-10% van zo gemaakte hechtingen falen, 
wordtt de zuur-ets techniek aangenomen als standaard voor bracket hechting 
[hoofdstukk 1 ref #76,77]. In laboratorium onderzoek, waarbij gebruik gemaakt 
wordtt van de schuif/afpel methode, in combinatie met niet opgeschuurd 
tandglazuurr substraat, variëren de hechtsterkten van ca. 4 tot 11 MPa [hoofdstuk 1 
reff  # 78,79]. In het geval dat alleen de schuifbelasting test wordt gehanteerd, zijn 
dee hechtsterkte waarden aan niet opgeschuurd tandglazuur in de orde van 14-15 
MPaa [hoofdstuk 1 ref # 101, 106]. Indien dezelfde test op opgeschuurd 
tandglazuurr wordt uitgevoerd, meet men een hechtsterkte van 20 MPa of meer. 
Hett experimentele kunstharscomposiet cement zoals beschreven in Hoofdstuk 5 
vertoondee een hechtsterkte in schuifbelasting aan geëtst opgeschuurd tandglazuur 
vann 22 MPa, wat overeenkomt met de hechtsterkte van veel controle kunsthars 
composieten.. Hieruit werd geconcludeerd dat dit cement hoogst waarschijnlijk 
geschiktt is om als adhesief voor orthodontische brackets dienst te doen. 

Ookk het compomeer, dat in Hoofdstuk 3 beschreven wordt, leverde een 
hechtsterktee in schuifbelasting van 24-27 MPa op, indien het gebruikt werd, door 
hett tandglazuur vooraf met fosforzuur te etsen. Diverse studies met andere 
compomeren,, geplakt aan niet opgeschuurd, geëtst tandglazuur leverden 
hechtsterktenn op in de orde van 14 MPa [hoofdstuk 1 ref # 102,113], hetgeen 
overeenkomtt met kunsthars composieten, die op dezelfde wijze zijn getest. In een 
klinischee studie met een compomeer en een kunsthars composiet, gehecht middels 
dee zuur-ets techniek, bleken de resultaten eender, [hoofdstuk 1 ref # 57]. Deze 
resultatenn suggereren dat men orthodontische brackets ook met succes kan 
hechtenn middels een compomeer in combinatie met de zuur-ets techniek. 

Inn Hoofdstuk 3, werd een alternatief conditionering agens (primer) met een 
substantieell  lagere etscapaciteit bij het compomeer gebruikt om de hechtsterkte 
aann opgeschuurd tandglazuur te bepalen. Als de primer niet werd doorgeroerd, 
leverdee dat een hechtsterkte van 11 MPa op, terwijl overvloedig gebruik van de 
primerr en daadwerkelijk beroeren een hechtsterkte van 17 MPa opleverde. Dit, 
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niettegenstaandee de verwachting dat bij niet opgeschuurd tandglazuur, het effect 
vann etsen af zou moeten nemen door de aanwezigheid van a-prismatisch 
tandglazuur,, hetgeen zou moeten leiden tot een lagere hechtsterkte. Uitgaande van 
bovenstaandee moet verwacht worden dat het nalaten van beroeren van de primer 
tott onbevredigende hechting van de brackets zal leiden. Omgekeerd mag ook niet 
gesteldd worden dat wel goed beroeren van de primer met zekerheid een adequate 
hechtsterktee zal opleveren. Hiervoor is nog eerst een goede klinische evaluatie 
nodig. . 

Hett effect van diverse substraat behandelingen op de hechtsterkte van glas-
ionomerenn aan tandglazuur werd onderzocht met de experimenten als beschreven 
inn Hoofdstuk 2. Indirect bewijs van micromechanische hechting werd verkregen 
doordatt de zuur-ets procedure van tandglazuur resulteerde in significant 
verhoogdee hechtsterkte waarden, bij gebruik van zowel conventionele als 
kunstharss gemodificeerde glas-ionomeren (RMGI). Ondanks een verdubbeling 
vann de hechtsterkte van een conventioneel glas-ionomer, bleef deze toch nog laag 
(~77 MPa). Klinische studies hebben aangetoond dat conventionele glas-ionomeren 
niett acceptabel zijn als orthodontisch bracket cement. De hoge faalkans valt af te 
lezenn uit Tabel 3 in Hoofdstuk 1. 

Daarr tegenover staat dat in klinische studies is gebleken, dat kunsthars 
gemodificeerdee glas-ionomeren vergelijkbare resultaten opleveren als de kunsthars 
composieten;; voor beide materiaalsoorten steeds in combinatie met de zuur-ets 
techniekk [hoofdstuk 1 ref # 111,112]. Eenn en ander valt ook af te lezen uit Tabel 5 
inn Hoofdstuk 1. In het onderzoek van hoofdstuk 2, toonden beide bestudeerde 
kunstharss gemodificeerde glas-ionomeren (RMGI's) een significante toename in 
dee hechtsterkte aan tandglazuur indien er vooraf geëtst werd met polyacrylzuur 
(PAA)) of fosforzuur (PA). Hechtsterkte waarden van 17-20 MPa werden gemeten 
enn kunsthars uitlopers (resin tag penetration) konden worden waargenomen. De in 
ditt onderzoek gevonden hechtsterkte waarden komen overeen met 
literatuurgegevenss van testen met andere kunsthars gemodificeerde glas-
ionomeren,, gemeten in een vergelijkbare proefopstelling (zie Tabel 4 van 
hoofdstukk 1 [ref # 98,103]). Deze resultaten suggereren dat kunsthars 
gemodificeerdee glas-ionomeren in combinatie met de zuur-ets techniek geschikt 
zijnn voor het plakken van brackets. Toch blijf t het wenselijk dat ook deze in vitro 
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observatiess op hun klinisch waarde geverifieerd worden. 

Hett dient benadrukt te worden dat achterwege laten van de zuur-ets techniek voor 
kunstharss gemodificeerde glas-ionomeren slechts hechtsterke waarden oplevert 
vann 4-7 MPa, zoals aangetoond in hoofdstuk 2. Vergelijkbare hechtsterkte waarden 
wordenn in de literatuur vermeld indien het glazuur niet eerst wordt opgeschuurd 
zoalss blijkt uit Tabel 4 in hoofdstuk 1. Er zijn aanwijzingen dat een hechtsterkte in 
dezee orde van grootte niet toereikend is voor duurzaam hechten van 
orthodontischee brackets, hetgeen valt op te maken uit de gegevens vermeld in 
Tabell  5 van hoofdstuk 1. 

Fluorid ee afgifte en reductie van tandglazuur  demineralisatie 

Inn Hoofdstuk 4 wordt verslag gedaan van het onderzoek naar de weerstand tegen 
demineralisatiee van geëtst glazuur dat eerst met monomeer bedekt werd, 
vervolgensvervolgens schoongeveegd waarna het, in de etsputten achtergebleven, monomeer 
werdd gepolymeriseerd. Het bleek dat zulk een glazuursubstraat verhoogde 
weerstandd vertoont tegen zuuraantasting. Indien ook nog fluoride aan het 
polymeerr werd toegevoegd, was er enig bewijs dat de weerstand tegen 
zuuraantastingg toenam. Experimentele complicaties bemoeilijkten echter een 
volledigee interpretatie van deze waarnemingen. Deze studie werd tevens 
uitgevoerdd om na te gaan of het, met kunsthars doordrenkte glazuur rondom de 
bracketss een foutieve interpretatie zou kunnen geven bij onderzoek naar de 
effectiviteitt van de fluoridenafgifte op het, direct om de bracket liggende, 
tandglazuur.. Uit dit onderzoek kan worden opgemaakt dat het slechts met 
kunstharss doordrenken van geëtst tandglazuur rondom een bracket, die met niet-
fluoridee afgevend cement is vastgezet, een even goede bescherming biedt als het 
fluoridee afkomstig van een fluoridenvrijgevend bracket cement. Het kon worden 
geconcludeerdd dat bij zowel in vivo als in vitro onderzoeken naar het effect van 
fluoridee op demineralisatie goed gelet moet worden dat er geen overtollig 
kunstharss op het, rondom de bracket liggende, tandglazuur terechtkomt. 

Inn Hoofdstuk 5 wordt een nieuw fluoride vrijgevend kunsthars composiet 
beschreven,, dat ontwikkeld werd om zijn relatief hoge dosis fluoridenafgifte, 
zonderr dat dit ten koste ging van de fysische eigenschappen. Dit materiaal leverde 
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eenn lineair met de tijd verlopende fluoride vrijstelling van ca. 2.0 ug/cm2 per dag, 
hetgeenn hoger is dan bij de gebruikelijke fluoridenvrijgevende kunsthars 
composieten.. Door gebruik te maken van de cumulatieve fluoridenafgifte 
gedurendee 7 dagen, en de 24-uurs afgifte bij 7 dagen, konden vergelijkingen 
wordenn gemaakt met andere kunsthars composiet materialen zoals aangegeven in 
Tabell  2 van hoofdstuk 1. Het experimentele materiaal had een cumulatieve 
fluoridefluoride afgifte bij 7 dagen van ca. 21 ug/cm2 en een 24-uurs afgifte van ca. 2.0 
ug/cm2.. Met uitzondering van FluorEver®, vertoonden alle overige kunsthars 
composiett materialen een lagere fluoridenafgifte, sommige zelfs veel lager. 
FluorEver®® vertoont een relatief hoge fluoridenafgifte gedurende 7 dagen, maar 
naa 100 dagen is de 24-uurs opbrengst nog slechts 0.4 ug/cm2, beduidend lager 
dann het geval was bij het experimentele materiaal. Het is noemenswaardig dat de 
24-uurss fluoridenafgifte van het experimentele materiaal na 100 dagen nog hoger 
wass dan bij de meeste glas-ionomeren en vergelijkbaar was met KetacFil®, het 
materiaall  met de hoogste fluoridenafgifte uit het rijtje onderzochte materialen, 
zoalss valt af te leiden uit Tabel 4 in hoofdstuk 1. 

Inn de studie, die beschreven staat in hoofdstuk 3 werd een compomeer materiaal 
onderzochtt op zijn hechtingkarakteristieken. Fluoridenafgifte werd ook gemeten, 
maarr niet gerapporteerd in het hoofdstuk over hechting. De cumulatieve 
fluoridenafgiftee was ca. 24 ug/cm2 bij 7 dagen en 73 ug/cm2 bij 100 dagen 
meetperiode.. De gemiddelde dagelijkse fluoridenafgifte bij 7 dagen was rond de 
1.55 ug/cm2 en bij 100 dagen ca. 0.3 ug/cm2. De dagelijkse fluoridenafgifte van 
eenn ander compomeer, Dyract®, is bij 7 dagen 1.1 ug/cm2 (het gemiddelde van de 
waardenn uit 5 publicaties); (zie Tabel 2, hoofdstuk 1). Voor beide compomeren is 
dee fluoridenafgifte lager dan bij glas-ionomeren en het experimentele kunsthars 
composiett (zie Tabel 4, hoofdstuk 5). Het is karakteristiek voor glas-ionomeren, 
datt de fluoridenafgifte gedurende de eerste paar dagen zeer hoog is, maar na 1-2 
wekenn een langzame afname vertoont. Dit gedrag wordt geïllustreerd in 
afbeeldingg 1 van hoofdstuk 5 en beschreven in hoofdstuk 6 als een tl/z 
tijdafhankelijkheid.. Tabel 4 van hoofdstuk 5 en Tabel 2 van hoofdstuk 1, tonen dat 
dee cumulatieve and dagelijkse fluoridenafgifte snelheden voor glas-ionomeren die 
vann de meeste kunsthars composieten overtreffen. Een uitzondering vormt het 
experimentelee kunsthars composiet na tijdsintervallen van meer dan 2 maanden. 
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Dee effectiviteit van fluoridenafgifte door materialen als middel ter voorkoming 
vann demineralisatie van het glazuur dat net naast de orthodontische apparatuur is 
gelegen,, werd aan de hand van een in vitro model beschreven in Hoofdstuk 6. 
Ditt model toonde aan dat demineralisatie daadwerkelijk kan worden gereduceerd 
doorr het, van de materialen afkomstige, fluoride. De afgifte en de orde van grootte 
vann de reductie zijn direct te relateren aan de hoeveelheid afgegeven fluoride. De 
relatiee bleek logaritmisch evenredig te zijn (vergelijk afbeeldingen 3 en 4 van 
hoofdstukk 6). Dit model toonde duidelijk aan dat de beschikbare hoeveelheid 
fluoridee van belang is. Opgemerkt dient te worden dat de duur van de 
demineralisatiee in het onderhavige model 4 dagen bedroeg, wat juist overeenkomt 
mett het tijdsinterval waarin de meeste materialen de hoogste fluoridenafgifte 
vertonen.. Derhalve zou het experiment wel eens niet representatief kunnen zijn 
voorr langere observatietijden en voor materialen die een ander fluoridenafgifte 
regimee vertonen. Op de lange termijn is de profylactische werking van materialen 
zoalss het experimentele kunsthars composiet superieur aan een materiaal als 
Vitremer®,, omdat de totale cumulatieve fluoridenafgifte en de stapsgewijze 
dagelijksee fluoridenafgifte van het experimentele materiaal na een maand nog 
toenemen.. Het is niet bekend of men meer waarde moet toekennen aan de initiële 
explosiee van fluoridenafgifte bij glas-ionomeren dan aan een continue stabiele 
fluoridenafgiftefluoridenafgifte over een lang tijdsinterval. In het behandelen van cariës wordt 
echterr algemeen aangenomen dat continue lage concentraties van fluoride van 
groterr waarde zijn ter beperking van voortijdige demineralisatie dan incidentele 
hogee concentraties. 

Err is nog onvoldoende klinisch bewijs dat het in vitro studiemodel als beschreven 
inn hoofdstuk 1 valide is. Tabel 3 geeft een overzicht van datgene wat in de 
literatuurr voor handen is. Slechts 3 studies toonden een significante reductie van 
demineralisatiee aan bij het gebruik van fluoridenafgevende materialen ten opzichte 
vann niet fluoridenafgevende controle materialen. In elk van deze 3 studies werd 
eenn testmateriaal gebruikt met een relatief hoge fluoridenafgifte. In studies waarbij 
hett testmateriaal slechts een lage fluoridenafgifte vertoonde, kon klinisch geen 
significantt verschil worden aangetoond tussen de beschermende werking tegen 
demineralisatiee van fluoridenafgevende en controle materialen. De relatie tussen 
fluoridenafgiftefluoridenafgifte en demineralisatie is nog weinig duidelijk omdat in 2 van de 
studies,, ook voor glas-ionomeer een positieve werking kon worden aangetoond in 
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vergelijkk met een kunsthars composiet controle. De klinische onderzoeken lijken 
dee in vitro waarnemingen te bevestigen, maar additionele, zeer zorgvuldig 
uitgevoerdee klinische studies zijn nog nodig om de ware effectiviteit vast te stellen 
vann fluoridenafgifte door materialen om bijvoorbeeld "white spot" laesies rond 
orthodontischee brackets te voorkomen. Daarnaast verdient het aandacht om ook 
hett effect te bestuderen van andere vrijkomende materiaalcomponenten op de 
reductiee van voortijdige demineralisatie van tandweefsel. Het is dan ook 
interessantt om aandacht te gegeven aan de eventuele additionele werking van 
combinatiess van componenten. 
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