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A novel biomimetic orthodontic bonding agent helps prevent white spot

lesions adjacent to brackets

Lauren Manfreda; David A. Covellb; Jennifer J. Crowec; Eser Tufekcid; John C. Mitchelle

ABSTRACT
Objective: To compare changes in enamel microhardness adjacent to orthodontic brackets after
using bonding agents containing various compositions of bioactive glass compared to a traditional
resin adhesive following a simulated caries challenge.
Materials and Methods: Extracted human third molars (n 5 10 per group) had orthodontic
brackets bonded using one of four novel bioactive glass (BAG)-containing orthodontic bonding
agents (BAG-Bonds) or commercially available Transbond-XT. The four new adhesives contained
BAG in varying percentages incorporated into a traditional resin monomer mixture. Teeth were
cycled through low-pH demineralizing and physiologic-pH remineralizing solutions once each day
over 14 days. Microhardness was measured on longitudinal sections of the teeth 100, 200, and
300 mm from the bracket edge and beneath the brackets, at depths of 25 to 200 mm from the
enamel surface. Normalized hardness values were compared using three-way analysis of
variance.
Results: Significantly less reduction in enamel microhardness was found with the experimental
adhesives at depths of 25 and 50 mm at all distances from the bracket edge. In all groups, there
were no significant changes in enamel microhardness past 125-mm depth. Results varied with the
different BAG-Bonds, with 81BAG-Bond showing the smallest decrease in enamel microhardness.
Conclusions: The BAG-Bonds tested in this study showed a reduction in the amount of superficial
enamel softening surrounding orthodontic brackets compared to a traditional bonding agent. The
results indicate that clinically, BAG-Bonds may aid in maintaining enamel surface hardness,
therefore helping prevent white spot lesions adjacent to orthodontic brackets. (Angle Orthod.
2013;83:97–103.)
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INTRODUCTION

Formation of incipient caries, commonly called white
spot lesions (WSLs), is an unesthetic, common side
effect of orthodontic treatment with fixed appliances.1

WSLs have been defined as clinically detectable
manifestations of subsurface enamel demineralization,
representing the first stage of caries formation.2

Mineral loss in these lesions can be up to 50% of the
inorganic content1 and can result in changes in
hardness and refractive index of the enamel, causing
a scattering of light and giving the enamel a chalky,
opaque appearance.3 WSLs are both an esthetic
concern and a disconcerting visible sign of enamel
demineralization secondary to orthodontic treatment.

The prevalence of WSLs during orthodontic treat-
ment (nearly 50% of patients after 12 months)4,5 is due
to many factors. First, fixed orthodontic appliances
make oral hygiene more difficult, predisposing patients
to an increase in plaque build-up on tooth surfaces at
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the gingival margin and adjacent to attachments.6

Second, the addition of orthodontic appliances in the
mouth creates a rapid increase in bacterial flora,
predominantly Streptococcus mutans and lactobacilli.7

This reduces the pH at the plaque/enamel interface,
causing calcium and phosphate ions to migrate from
enamel apatite into solution, resulting in mineral loss.8

Together, these factors create an environment that
favors demineralization of enamel, compromises the
esthetic result, and in severe cases, requires restor-
ative treatment.5,9

Preventing development of WSLs during orthodontic
treatment has been attempted through various ap-
proaches. Methods involving fluoride-containing mouth
rinses, gels, varnishes, and dentifrices, have reduced
the prevalence of caries during orthodontic treatment,
but compliance is unpredictable and the ability to
supply fluoride to areas where it is needed presents
challenges.10–12

Conceptually, fluoride-releasing bonding agents
have great potential to minimize decalcification around
orthodontic brackets.13 However, traditional fluoride-
releasing cements, glass-ionomer cements, and resin-
modified glass ionomer cements have bond strengths
that are substantially lower than those of conventional
resins.14,15 Moreover, with recently introduced amor-
phous calcium phosphate–based remineralization ma-
terials, such as MI PasteTM (GC America, Alsip, IL),
clinical trials have found insufficient evidence to make
a recommendation regarding their long-term effective-
ness.16A noncompliance-based material with sustained
ion release near the brackets may provide an ideal
preventive solution for WSL formation.

Bioactive glass (BAG) materials have recently been
incorporated into the field of dentistry and are surface-
active materials known to successfully release ions in
simulated body fluid.17 Sol-gel BAG, prepared in our
laboratory, is a three-dimensional cross-linked matrix
of hydrolyzed alkoxides of SiO2, CaO, and P2O5 that
releases ions such as calcium, phosphate, and
fluoride.18,19 This release of ions into surrounding
solution is a process that has the potential to prevent
demineralization of enamel and thereby to prevent
WSL formation around orthodontic brackets.

Previous investigations of the BAG-containing or-
thodontic resin bonding agents (BAG-Bonds) used in
this study showed significantly higher calcium and
phosphate ion release in acidic media than conven-
tional resin adhesive controls.20 This capacity of BAG-
Bonds to release ions and buffer acidic environments
may help to prevent demineralization surrounding
orthodontic brackets.

The aims of this study were (1) to evaluate the ability
of BAG-Bonds to inhibit superficial enamel demineral-
ization surrounding orthodontic brackets after being
exposed to an in vitro caries challenge, and (2) to test
the hypothesis that these novel adhesives will result in
reduced demineralization surrounding orthodontic
brackets compared to a conventional bonding resin.

MATERIALS AND METHODS

Preparation of BAG-Bond

Four BAG-Bonds (62BAG-Bond, 65BAG-Bond,
81BAG-Bond, and 85BAG-Bond) were developed in
our laboratory (Table 1). The BAG-Bonds were pre-
pared by mixing resin monomers with bioactive glass,
an accelerator and an amine, as previously de-
scribed.20 BAGs were synthesized by sol-gel meth-
ods18 and added to the monomer mixture until the
workability of each product was similar to the control
material, Transbond-XT (3M Unitek, Monrovia, Calif),
as judged by an experienced clinician.

Sample Preparation

Fifty extracted, caries-free, nonerupted human third
molars were collected and stored in 0.5% chloramine-
T solution at 4uC. They were free of white spot lesions
or other enamel defects. Teeth were rinsed with
deionized water and randomly assigned to five groups
(n 5 10 each), as shown in Table 1.

The enamel was cleaned with a prophylaxis cup at
slow speed using nonfluoridated pumice and water. For
each tooth, the bonding site was based on the best
visual adaptation of the bracket pad. To protect adjacent
enamel surfaces during etching, tape with a window the
size of the bracket base was applied to each tooth.13

Table 1. Bioactive Glass (BAG)-Bonds: Composition, Mol%, Surface Area, and BAG:Monomer Ratiosa

Adhesive Name SiO2, mol% CaO, mol% P2O5, mol% B2O3, mol% F, mol%

Surface Area

of BAG, m2/g

BAG:Monomer Ratio

in Bond (by Weight)

62BAG-Bond 62 31 4 1 3 75 58:100

65BAG-Bond 65 31 4 0 0 144 49:100

81BAG-Bond 81 11 4 1 3 320 37:100

85BAG-Bond 85 11 4 0 0 268 33:100

Transbond XT – – – – – n/a n/a

a n/a indicates not applicable.
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The window region was etched with 37% phosphoric
acid gel (3M Unitek) for 30 seconds and copiously
rinsed with deionized water. The tape was removed
and the tooth was dried with compressed air.

After application of primer (Transbond-XT Primer,
3M Unitek), enough resin adhesive to cover the entire
surface was applied to the mesh pad of each bracket
(Victory Series, 3M Unitek). Excess primer and resin
were removed with a sharp scaler and adhesives were
light-cured (20 seconds) from the mesial and distal
sides (Ortholux LED, 3M Unitek). Acid-resistant
varnish was applied to each tooth, leaving a 1-mm
rim of exposed enamel surrounding the bracket. Teeth
were stored overnight in distilled water prior to pH
cycling.

pH Cycling

A 14-day caries challenge was created, based on a
modification of a pH cycling protocol described by
Toda and Featherstone.21 Each tooth was immersed in
40 mL of artificial saliva at pH 7.0 (1.5 mmol/L Ca,
0.9 mmol/L PO4, 0.1 5 mol/L KCl, and 20 mmol/L
cacodylate buffer) for 18 hours, followed by 6 hours in
40 mL of buffered artificial caries challenge solution at
pH 4.4 (2.0 mmol/L Ca, 2.0 mmol/L PO4, 0.075 mol/L
acetate). Fresh solutions were prepared each week.
Between fluid changes, teeth were rinsed with deion-
ized water. The cycle was repeated 5 days a week,
with teeth remaining in artificial saliva during week-
ends.

Assessment of Demineralization

Teeth were embedded in clear epoxy resin (Epox-
icure, Buehler, Lakebluff, Ill) and sectioned parallel to
the long axis, buccolingually through the brackets
using a water-cooled diamond wafering blade on a
low-speed rotary saw, producing one 2-mm section for
each tooth (Accutom-5, Struers Inc, Westlake, Ohio).
Sections were serially polished through 4000-grit
silicon carbide polishing paper.

Knoop microhardness testing (Duramin-5, Struers )
was used for the microhardness analysis (25 p/5 sec).
On each tooth, 48 indentations were made occlusal
and cervical to the adhesive: at 100, 200, and 300 mm
from the adhesive edge, and at eight depths from the
external surface of the enamel: 25, 50, 75, 100, 125,
150, 175, and 200 mm (Figure 1). Three sets of
indentations were also made in the isolated enamel
directly beneath the bracket at the same eight depths,
to create a baseline microhardness measurement
at each depth. The three Knoop hardness values
obtained for each tooth, at each depth in enamel
covered by the bracket, were averaged and used to
normalize the other data points by dividing them by the

corresponding average Knoop hardness values at
each depth. Data are presented as percent change
in microhardness vs baseline.

Statistical Analysis

Three-way analysis of variance (ANOVA) with Tukey
post-hoc test (SAS, SAS, Cary, NC) compared the
percentage change in microhardness vs distance and
depth (a 5 .05).

RESULTS

Locations that showed significant change in micro-
hardness for each adhesive are shown in Figure 2.
Enamel in the 81BAG-Bond group was significantly
softened at a depth of 25 mm from the surface at all
three distances from the adhesive edge, and at a
depth of 50 mm at distances of 100 and 300 mm. The
62BAG-Bond and 85BAG-Bond groups showed similar
results, with significant reductions in hardness occur-
ring to 75 mm from the surface at all three distances, as
well as to 100 mm deep, 100 mm from the bracket. The
65BAG-Bond and Transbond-XT groups had reduc-
tions in enamel hardness that extended the deepest,
with significant softening occurring to depths between
100 and 150 mm.

Comparison of changes in microhardness values for
each group at the recorded location across the WSL
are shown in Figure 3 and Table 2. At 25 and 50 mm
deep at all distances from the bracket edge, all BAG-
Bond adhesives showed significantly less reduction in
hardness than Transbond-XT (P , .05).

Results varied for the intermediate depths up to
125 mm. Beyond 125-mm depth at all distances, no
significant differences in enamel microhardness were
found among the five adhesive groups.

Figure 1. Location of indentations demonstrating distances from

bracket edge and depths into enamel. UB indicates indents taken

underneath the bracket and used to normalize data measurements

from each tooth.
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Results comparing the BAG-Bond adhesive groups
to each other, at all three distances and at depths up to
125 mm are shown in Table 3. At 100 mm from the
bracket edge and at depths of 25, 50, and 75 mm,
81BAG-Bond had less reduction in enamel microhard-
ness than 62BAG-Bond and 65BAG-Bond.

DISCUSSION

WSLs form in superficial enamel due to outward
diffusion of calcium and phosphate ions, eventually
leading to cavitation if the process continues.22,23 Our
BAG-containing adhesives have previously shown
calcium ion-release into surrounding solution.20 This
study evaluated the potential use of these novel BAG-
containing orthodontic bonding agents for the preven-
tion of WSLs. Four different BAG-Bond adhesive
resins were used to bond orthodontic brackets to
extracted human teeth and were pH-cycled through a
caries challenge that has been shown to correlate well
with conditions associated with 1 month of fixed
orthodontic appliance use in vivo.24 Comparisons in
the present study were made to the popular, commer-
cial adhesive, Transbond-XT.

Demineralization around orthodontic brackets has been
assessed using various methods. In this study, areas of
mineral loss due to acidic challenge were evaluated using
cross-sectional microhardness values. This method can

be correlated to caries as there exists a strong correlation
(r 5 0.91) between enamel microhardness and percent-
age of mineral in the caries lesion.22 Since WSLs are
areas of low mineral content, microhardness measure-
ments provide a reliable indication of enamel demineral-
ization and potential WSL development.

We used an in vitro pH-cycling model for the
evaluation of demineralization surrounding novel

BAG-containing adhesives. This widely used protocol

of exposing enamel to combinations of demineraliza-
tion and remineralization is designed to mimic the

dynamics of mineral loss and gain involved in caries
formation.25 However, this in vitro protocol has

important limitations, as it is not able to completely

simulate the complex intraoral conditions leading to
caries development such as bacterial biofilms and

saliva, nor is it able to simulate clearance of the
products from the oral cavity.26 These limitations

should be kept in mind when evaluating the results.

Nonetheless, previous in vitro investigations of an
experimental glass ionomer cement that contained

BAG found the bonding agent inhibited growth of
cariogenic bacteria.27 Thus, this anticariogenic effect

may also contribute to BAG-Bond’s potential for

preventing WSLs.

Teeth in the 81BAG-Bond group were significantly
demineralized only to depths of 25 and 50 mm. The

Figure 2. Square symbols indicate locations where significant reductions in microhardness (P # .01) were found after normalizing.
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81BAG-Bond contains BAG with the highest surface
area (320 m2/g). Previous studies have shown that
BAGs with high-specific surface area and pore volume
contribute to a high release of ions.28 BAG’s capacity to

be a reservoir of available ions held by weak ionic
bonds allows for easier release of calcium to the
surroundings than from the tooth surface. In addition to
its higher surface area, 81BAG-Bond also contains

Figure 3. Mean (standard error) percentage change in enamel microhardness at 100 mm, 200 mm, and 300 mm from the bracket edge. * P # .05.

Table 2. Comparison of Significant Decreases in Microhardness (P # .05 for Bioactive Glass [BAG]-Bond Groups) Compared to the Transbond

XT (TB) Group at Depths up to 125 mm

Distance From Adhesive Edge, mm Depth From Enamel Surface, mm Observed Enamel Softening

100 25 All BAGs , TB

50 All BAGs , TB

75 All BAGs , TB

100 81, 85BAG , TB

125 81BAG , TB

200 25 All BAGs , TB

50 All BAGs , TB

75 All BAGs , TB

100 62, 81, 85BAG , TB

125 All BAGs , TB

300 25 All BAGs , TB

50 All BAGs , TB

75 81, 85 BAG , TB

100 62, 81, 85BAG , TB

125 All BAGs , TB
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fluoride. Released fluoride ions may become incorpo-
rated in the tooth mineral and promote formation of
highly insoluble fluoroapatite.20 In the current study,
81BAG-Bond demonstrated superior ability to prevent
demineralization, perhaps due to an increased release
of ions and a higher bioactivity rate when compared to
the other adhesives.

Teeth bonded with 62BAG-Bond and 85BAG-Bond
displayed significant demineralization from 25 to 75 mm
deep at all three distances from the adhesive edge, and
at 100 mm deep at 100 mm distant from the bracket
edge. 62BAG-Bond contains fluoride and 31 mol%
calcium, yet has the lowest surface area of all BAGs
(75 m2/g). The 85BAG-Bond contains no fluoride and
only 11 mol% calcium, yet has the second highest
surface area (268 m2/g). Seemingly, these two BAG-
Bond resins do not have the combination of high surface
area and fluoride that allows for maximal demineraliza-
tion prevention, as seen with 81BAG-Bond. While ion
release increases with increased surface area, our
results indicate that incorporation of fluoride in the BAG-
Bond is needed for maximal WSL prevention.

Teeth in both the 65BAG-Bond and Transbond-XT
groups demonstrated significant demineralization from
depths up to 125 mm at all distances. Although 65BAG-
Bond has a high calcium content, it lacks fluoride and
has the second lowest surface area of all the BAGs
tested. Transbond-XT is a non–ion-releasing compos-
ite resin without detectable fluoride release, and in the
absence of daily fluoride exposure, has been associ-
ated with extensive erosive enamel lesions.29 Thus,
combining the results of all groups indicates that key
factors for combating demineralization include the
release of fluoride and increased BAG surface area,
whereas increasing the calcium content has less
impact.

Microhardness tests on all five adhesives showed
the greatest decrease in enamel microhardness at the

superficial depths of 25 and 50 mm. All four BAG-
Bonds demonstrated significantly less demineraliza-
tion than the Transbond-XT control at these depths at
all distances from the bracket. This result is encour-
aging as others have shown that preventive measures
are most effective when the WSL formation is in its
earliest stage because remineralization can take place
if the lesions are less than 65 mm in depth.30 Others
have also demonstrated that a WSL after 3 months in
vivo typically extends to around 100 mm deep.1 Since
the BAG-bond adhesives in this study reduced
demineralization at these superficial depths, these
adhesives hold potential for preventing WSL formation
within the boundaries of what occurs in vivo.

At the middle depths of 75, 100, and 125 mm from
the enamel surface, results varied. At 75-mm depth and
100 and 200 mm from the bracket, and 125 mm deep at
200 and 300 mm from the bracket, all teeth within the
BAG-Bond groups had less demineralization than the
control. These results suggest that the WSLs created
by pH cycling were most likely shallow lesions in their
initial stages. At 125-mm depth and deeper, all five
groups showed no significant differences. The enamel
at these depths remained largely unaffected by the
demineralization challenge, most likely due to the
brevity of the acidic exposure.

Brown et al.20 investigated the ion release profiles of
each of the novel BAG-Bonds tested in this study.
Their results indicated that BAG-Bonds may decrease
the rate of enamel demineralization by increasing the
pH in the milieu adjacent to the bracket/tooth interface,
as well as by releasing a large amount of calcium ions
into solution.20 These results, consistent with our
current findings, suggest that incorporating BAG into
resin adhesives provides a reservoir of calcium,
phosphate, and fluoride ions that help to prevent
enamel demineralization surrounding orthodontic
brackets. Investigations are currently underway to

Table 3. Comparison of Significant Changes in Microhardness (P # .05) Among Bioactive Glass (BAG)-Bond Groups at Depths up to 125 mm

Distance From Adhesive Edge, mm Depth From Enamel Surface, mm Observed Enamel Softening

100 25 81BAG , 62, 65BAG

50 81BAG , 62, 65BAG

75 81BAG , 62, 65, 85BAG

100 81BAG , 65BAG

125 No significant difference

200 25 81, 85BAG , 65BAG

50 81BAG , 65BAG

75 No significant difference

100 81BAG , 65BAG

125 No significant difference

300 25 81BAG , 65BAG

50 No significant difference

75 81BAG , 62, 65BAG

100 81, 85BAG , 65BAG

125 81BAG , 65BAG
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determine whether periodic use of calcium and fluoride
recharging solutions may extend the ion-release
lifetimes of the adhesives beyond the times reported
here.

CONCLUSIONS

N All BAG-Bond adhesives outperformed Transbond-
XT at maintaining superficial enamel hardness
surrounding orthodontic brackets.

N 81BAG-Bond, containing fluoride and a high BAG
surface area, had the best preventive effect against
WSL formation.

N Combining an ideal bioactive glass into resin
adhesives helps to reduce superficial enamel soft-
ening surrounding orthodontic brackets compared to
a conventional resin adhesive.
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