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ABSTRACT
Caries on the mineralized tooth structure and interface of dental materials
continues to be a significant problem in oral health care. The objective of this study was
to demonstrate the effect of microcapsules on the flexural strength of orthodontic resin
cement formulations. Microcapsules demonstrate a slow, controlled release of fluoride,
calcium, and phosphate ions. Orthodontic resin cements that contained microcapsules
were incorporated into formulations at 5 w/w% [2 w/w% 0.8 M NaF, 2 w/w% 5.0 M
Ca(NO3)2, and 1 w/w% 3.0 M K2HPO4] with one series exception of 6-10 w/w%
microcapsules. In this study TEGDMA was the diluent monomer while Bis-GMA was
the toughening monomer. The ratio of “toughening monomer:diluent monomer” was
explored over a range of 1:1 to 4:1. Barium boroaluminosilicate glass was loaded over a
range of 45-75 w/w%, fumed silica was loaded over a range of 0-5 w/w%. The potential
number of formulations analyzing these variables is substantial. Therefore, a range of
formulations was executed to further investigate the individual variables. These four
variables were continuously altered in order to gain better understanding of the role these
ingredients had in the presence of microcapsules on flexural strength. The flexural
strength was examined as a function of each individual variable. Further analysis
examined whether specific variable combinations lead to ideal flexural strength.
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1.1 Oral Environment
The environment of the oral cavity is unique and complex. A significant number
of microbial species thrive in this moist, warm environment making the barrier of the
external and internal environment crucial. The oral mucous membrane serves as that
barrier to withstand changing pH and diet [1]. The oral cavity is home to over 700
bacterial species living in symbiosis with their human host. While some bacteria are
harmful such as Streptococcus mutans and Lactobacillus, many can be advantageous in
preventing disease. Local factors influence the oral environment including dental plaque,
tartar, teeth alignment, bite occlusion, and incompatible artificial prosthesis. Also,
systemic and lifestyle factors such as smoking, alcohol consumption, diet, hygiene,
medications, obesity, stress, hormones, and genetics play roles [2]. The microbiome
evolves from childhood into adulthood. As the child maturates the oral microbe loads
increase while the microbe diversity decrease. Hence, the beginning microbe
communities play an important role in development [3].
1.2 Tooth Enamel Remineralization/Demineralization
The enamel matrix contains the highest percentage of minerals of the body (96%)
with hydroxyapatite being the predominant inorganic mineral. Hydroxyapatite crystalline
structure consists of calcium, phosphate, and hydroxide ions [4,5]. The enamel surface
attracts salivary glycoproteins and bacterial products creating a thin pellicle layer. This
thin protein layer forms on the enamel surface within minutes after consuming
carbohydrates protecting the tooth from acids [6]. Bacterial plaque biofilm is a sticky
colorless deposit that grows on and around the tooth surfaces. As time progresses the
plaque turns into a hardened calculus, brown or pale yellow in color [7]. While plaque is
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a normal process, it can turn into dental caries. Through the fermentation of
carbohydrates, S. mutans releases acids that demineralize the tooth and form a carious
lesion [8]. Demineralization is defined as the dissolution of the hydroxyapatite crystals
resulting in calcium ions, phosphate ions, and hydroxide ions [9]. The process of
attaining dental caries requires four key components: a susceptible host, cariogenic
bacteria (e.g. S. mutans, Lactobacillus), high carbohydrate diet and time [10]. When
given enough time, the lesion can break through the enamel into the dentin leaving the
tooth without the ability to self-heal or remineralize [8]. To control the spread of caries,
the goal is to prevent further demineralization whilst reinforcing the repair process of
remineralization. Fluorapatite is mineral found in the enamel matrix that helps prevent
tooth decay. It presents itself when exposed to fluoride ions through water fluoridation
and fluoride-containing toothpaste [11]. The critical pH is the point below which saliva
and plaque cease to be saturated with calcium and phosphate ions, leading hydroxyapatite
to dissolve [12]. When the critical pH is below 4.5 for fluoroapatite and 5.5 for
hydroxyapatite, dental erosion can occur. The lower critical pH and solubility product
(Ksp) of fluoroapatite makes the tooth structure more resistant to caries attack. When
exposed to the sugars in carbohydrates, the oral environment’s pH drops under the critical
point for roughly 30 to 45 minutes. Closely tied meals or frequent snacking along with
high sugar diets, lowers the pH of the oral cavity leading to demineralization [9,13].
1.3 Orthodontic White Spot Lesions
The apparatus of dental braces does well to align and straighten the teeth for those
people that so desire them for cosmetic and structural reasons. With over 4 million people
wearing braces and the average American spending roughly $5,000, it continues to be an
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important area of study. The typical person can wear their braces anywhere from six
months to 2.5 years, which leaves time for the area underneath the bracket to become a
white decalcified spot when the bracket is removed. These white spot lesions (WSLs)
develop due to demineralization and appear white, opaque, and chalky caused by surface
and subsurface mineral loss. All teeth have the potential for developing these WSLs but
the maxillary anterior teeth are the most common [14]. Having poor oral hygiene in
association with brackets, bands, arch wires, and other orthodontic devices complicate
conventional measures. This leads to prolonged plaque accumulation and possible WSL
development [15]. Another complication is the possibility of defects in the orthodontic
adhesives under the bracket that leads to microleakage. Microleakage penetration under
the orthodontic brackets may cause problems, such as enamel discoloration, corrosion,
and decreased bond strength of the adhesive [16]. With the use of a fixed orthodontic
appliance, such as braces, this creates a larger surface area for carious attacks. The
natural cleansing action of saliva is negated, leading to more intense and frequent biofilm
acidification. This then leads to a more rapid caries progression [17].
1.4 Current Developments
Research has now taken dentistry into the area of prevention. One way in which
this is done is with preventative bioactive dental materials. With the goal of preventing
local biofilm accumulation and acid demineralization, bioactive glass-ceramics are
incorporated into the resin. Bioactive glasses have many applications in the dental field
for example: enamel remineralization, implant coatings, and bone graft materials for
periodontal repair. These bioactive glasses differ from traditional glass because of their
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ability to release fluoride, phosphate, and calcium ions into the tooth restoration interface
[18-21].
Resin-modified glass ionomer cements (RMGICs) are an example of an approach
in which bioactive glasses are incorporated. The RMGIC properties are similar to that of
conventional glass ionomer cement (CGIC) but are refined with 10-20% additional resin
monomers. Advantages of RMGICs are fluoride release, no initial sensitivity, mechanical
and chemical bonding, and a more controlled setting time. The disadvantages include
poor mechanical properties and only being able to release fluoride for 1-2 weeks while
the bracket could sit on the tooth for 2.5 years [22,23].
A new bioactive component is ion permeable microcapsules, which can be
incorporated into the resin composite. These microcapsules have a permeable
polyurethane membrane that allows fluoride, calcium, and phosphate ions to be released
at the tooth interface. A study carried out by Falbo et al. was able to demonstrate the
release of ions from microcapsules embedded in resin based composite as well as rosin
based varnish formulations. The ion permeable membrane that encapsulates these salts
has the ability to be controlled with a slow, sustained release. The ion release depends on
the chemical structure of the membrane, initial concentration of salt in the microcapsule,
and type of ion salt. In attempt to develop a bioactive orthodontic cement with improved
mechanical properties, the effect of different formulation variables on the flexural
strength was studied. This novel approach has the potential to combat the early stages of
caries throughout the entirety of orthodontic treatment [24-28].
1.5 Mechanical Property Testing
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The mechanical property of flexural strength has a crucial bearing on the longterm success and durability of the orthodontic cement. With the complexities of the oral
environment as well as masticatory forces it is of importance to not undermine the
material’s integrity. Flexural strength is measured in terms of stress, and is defined as the
stress in the material just before it yields in a flexure test. It represents the highest stress
experienced within the material at its moment of failure in bending [29,30]. Flexural
strength was measured in megapascals (MPa), which is the SI unit of pressure used to
express internal pressure, stress, and Young’s modulus [31]. Tensile strength is defined
as a stress measured as force (in newtons) per unit area. Tensile strength is crucial when
considering orthodontic resin cement because it measures the maximum stress it can
withstand while being stretched before breaking. With the orthodontic resin cement being
a brittle material it was subjected to the three-point bend test with a crosshead speed of
1mm/min [32].

6

Section 2
_____________________

Materials and Methods

7

2.1 Prepolymer Synthesis
Microcapsules were prepared with a polyurethane shell via a prepolymer
synthesis in an inert environment at 70 °C. A cyclohexanone solvent was used to react
ethylene glycol (Fisher, New Jersey) with isophorone diisocyanate (Sigma-Aldrich,
Steinheim) and left overnight. The prepolymer was then dried by vacuum [33].
2.2 Microcapsule Synthesis
After drying, the prepolymer was added to an emulsifying agent and methyl
benzoate (Acros Organics, New Jersey). Aqueous salt solutions of 3.0 M potassium
phosphate dibasic (Fisher Scientific, New Jersey), 5.0 M calcium nitrate tetrahydrate,
(Alfa Aesar, Massachusetts) and 0.8 M sodium fluoride (MP Biomedicals, Ohio) were
prepared. A reverse emulsion was used to create an environment for an interfaced
polymerization of the urethane to encapsulate these salt solutions [33].
A reverse emulsion forms when the prepolymer oil solution is agitated and the
aqueous salt solution is introduced. The oil solution was agitated in a custom made
reactor at 70 °C while the aqueous salt solution was added slowly. The reaction was then
quenched using ethylene glycol to finish preparing the microcapsules. These
microcapsules were centrifuged in a Fisher Centrific 288 (Fisher Scientific, New Jersey)
centrifuge using a diluent, rinsed, and prepared for formulation into an orthodontic resin
cement [33].
2.3 Orthodontic Cement Formulations
The formulations conducted in this study were prepared with the same rheological
properties as some of the industry leaders in orthodontic bracket and band cement, but
with the addition of microcapsules. Orthodontic resin cements 3M Transbond XT, Ormco
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Grēngloo, and Reliance Assure were all tested for flexural strength. The formulations
consisted of w/w% loadings of monomer (BISGMA and TEGMA), glass, fumed silica,
and microcapsules. The band cements were prepared with loadings of 5 w/w%
microcapsules containing a mixture of 2 w/w% 0.8 M sodium fluoride, 2 w/w% 5.0 M
calcium nitrate tetrahydrate, and 1 w/w% 3.0 M potassium phosphate dibasic aqueous salt
solutions (2/2/1) with all ions needed for remineralization. All bracket cements were
prepared with the same 5 w/w% microcapsule loading with the exception of five
formulations as seen on Table 1. The formulations in Table 1 have increasing w/w% of
sodium fluoride to examine how much microcapsule loading can be accomplished while
maintaining an acceptable flexural strength.
% Loading of Microcapsules
5
6
7
8
9
10

Distribution of Microcapsule Type
2% 0.8M NaF; 2% 5.0M Ca(NO3)2; 1% 3.0M K2HPO4
3% 0.8M NaF; 2% 5.0M Ca(NO3)2; 1% 3.0M K2HPO4
4% 0.8M NaF; 2% 5.0M Ca(NO3)2; 1% 3.0M K2HPO4
5% 0.8M NaF; 2% 5.0M Ca(NO3)2; 1% 3.0M K2HPO4
6% 0.8M NaF; 2% 5.0M Ca(NO3)2; 1% 3.0M K2HPO4
7% 0.8M NaF; 2% 5.0M Ca(NO3)2; 1% 3.0M K2HPO4

Table 1: Formulations of bracket cement containing all three microcapsule types
2.4 Mechanical Testing
The orthodontic resin cement was made into twelve rectangular prism shaped
specimens, using a Teflon mold with the dimensions specified by the ISO 4049/2000
specification (25 mm x 2 mm x 2 mm). The Teflon mold was positioned over a mylar
strip and glass slide while filled with the formulation. The formulation was syringed in a
single increment with excess removed using a razor blade from the mold before
polymerization. A halogen curing light unit (Optilux 501) was used to polymerize and the
light intensity was measured prior to use. The resin composite was cured for 30 seconds
9

in three evenly spaced locations along the rectangular prism shaped specimen and then
turned over to repeat on the other side. Once the specimen was removed from the mold,
the excess flash material was polished with 600 grit sandpaper. The twelve specimens
were stored in an oven for a minimum of 7 days. They were submitted to a three-point
bend test with a universal testing machine (MTS Insight Electromechanical – 1 kN
standard length) with a crosshead speed of 1 mm/min. The maximum force loads were
obtained by using the following formula: σ=3FL/2bd2 where the flexural strength (σ) was
calculated in megapascals (MPa); F is the maximum load in newtons (N); L is the
distance between supports in millimeters (mm); b is the width of the specimen in mm; d
is the thickness of the specimen in mm.
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3.1 Introduction
The incorporation of microcapsules that release remineralizing ions is a new
advance in the development of bioactive dental materials. In this study most of the
orthodontic resin cement formulations used 5 w/w% total microcapsules [2 w/w% 0.8 M
NaF, 2 w/w% 5.0 M Ca(NO3)2, and 1 w/w% 3.0 M K2HPO4]. With the exception being
one series that had 6-10 w/w% of varying microcapsules. A critical aspect for
microcapsule incorporation into dental orthodontic cement is the understanding of how
the microcapsules could potentially impact flexural strength. Orthodontic cements have a
varying number of components in a formulation. These components include the ratio of
toughening monomer to diluent monomer, the loading of glass, and the loading of fumed
silica. In this study Bis-GMA was used as the toughening monomer while TEGDMA was
the diluent monomer. The ratio of “toughening monomer:diluent monomer” was
examined over a range of 4:1 through 1:1. The barium boroaluminosilicate glass was
loaded over a range of 45-75 w/w% while the fumed silica was loaded over a range of 05 w/w%. A range of formulations was experimented that explored all of the potential
number of variables.
The four components were consistently varied in order to thoroughly understand
the role of each individual component in the presence of microcapsules on flexural
strength. Although multiple variables change during each formulation, the flexural
strength was examined as a function of monomer, glass, fumed silica, and microcapsule
loading.
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3.2 Bis-GMA:TEGDMA Ratio
The effect of monomer ratio with respect to both Bis-GMA and TEGMA content
in each formulation is reported in Table 2. The monomer ratio is reported as four
different ratios used in the formulations. They were in ratios of Bis-GMA to TEGDMA
in the forms of 50/50; 60/40; 70/30; and 80/20. Multiple variations existed in terms of the
percentage of each monomer in the continuous phase, glass, fumed silica, and
microcapsule loading. However this data only considers average flexural strength and
standard deviation for each monomer ratio as reported in Table 2.
Bis-GMA:TEGDMA Ratio

50/50

60/40

70/30

80/20

Flexural Strength

102.2

95.7

93.3

94.9

Standard Deviation

18.3

17.8

15.8

21.6

Table 2: The average flexural strength for orthodontic resin cements as a function
of the Bis-GMA and TEGDMA ratio.
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Flexural Strength (MPa)

140
120
100
80
60
40
20
0
50/50

60/40
70/30
Monomer Ratio

80/20

Figure 1. The role of the monomer ratio on the flexural strength was measured. Across
all the formulations prepared, the flexural strength of formulations with different
monomer ratio were averaged and divided into four categories. This was done to compare
the impact that the ratio of Bis-GMA and TEGDMA had on the formulations that
incorporated microcapsules.
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3.3 Monomer Loading
The effect of monomer loading with respect to all the ratios of Bis-GMA and
TEGDMA content in the formulations is reported in Table 3. Multiple formulations
existed in terms of how much total monomer was used, the glass, fumed silica, and
microcapsule loading. However this data only considers average flexural strength and
standard deviation for the monomer loading as reported in Table 3.

15

% Monomer
17.4
18.4
19.4
20.4
21.4
21.4
22.2
22.3
22.4
22.5
22.6
22.7
22.8
22.9
23
23.2
23.4
23.6
24
24.2
24.25
24.4
24.5
24.8
25
25.5
26.4
30
35
40
45

Flex Strength
67.7
84.2
92.3
113.4
103.1
125.2
104
104
105.9
92.1
104.7
108.4
123.5
110.1
107
116.6
92.5
99.6
99.2
107.8
94.2
98.9
115.4
104.2
99
92.8
100.7
95.5
98.1
88.2
102.2

SD
15.6
15.7
25.9
23.6
15.3
25
17.4
18
18.9
17.6
18.9
12.5
17.7
16.6
15.7
14.8
12.8
15.8
18.6
18.1
19
19
20.4
19.9
13.9
12.2
26.2
23
16.4
30
16

Table 3: The average flexural strength for orthodontic resin cements as a function
of the percent monomer loading.
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Flexural Strength (MPa)

140
120
100
80
60
40
20
0
15

20

25
30
35
40
Monomer Loading (w/w%)

45

Figure 2. The flexural strength (MPa) was measured as a function of percent monomer
loading. Every formulation was taken into account with multiple trials of monomer
loading being averaged. This was done to determine if the w/w% of the continuous phase
in the formulation effected flexural strength regardless of the Bis-GMA /TEGDMA ratio,
glass, fumed silica, and microcapsule loading.
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3.4 Glass Loading
The effect of glass loading with respect to all the ratios of Bis-GMA and TEGMA
content in the formulations is reported in Table 4. Multiple variations of the continuous
phase existed in terms of the monomer ratio, fumed silica, and microcapsule loading.
This data only considers average flexural strength and standard deviation for the glass
loading as reported in Table 4.
% Glass
45
50
55
60
65
66
67
68
70

Flex Strength
102.2
88.2
98.1
95.5
93.5
100.7
92.8
94.2
101.9

SD
16
30
16.4
23
10.1
26.2
12.2
19
17.9

Table 4: The average flexural strength for orthodontic resin cements as a function
of the percent glass loading.
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Flexural Strength (MPa)

140
120
100
80
60
40
20
0
45

50

55 60 65 66 67
Glass Loading (w/w%)

68

70

Figure 3. The flexural strength (MPa) was measured as a function of the glass loading.
Every formulation was taken into account with multiple trials of identical glass loading.
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3.5 Glass Loading with constant Bis-GMA/TEGDMA Ratio
The effect of decreasing glass loading with respect to increasing monomer
loading in each formulation is reported in Table 5. While the monomer loading did
increase, the monomer ratio of 80/20 Bis-GMA/TEGDMA was held constant in this set
of experiments. Fumed silica and microcapsule loadings were also held constant at 5
w/w% for each formulation. This data only considers average flexural strength and
standard deviation for each monomer and glass loading percentages as reported in Table
5.
% Monomer

% Glass

Flex Strength

SD

45

45

102.2

16

40

50

88.2

30

35

55

98.1

16.4

30

60

96.1

25

Table 5: The average flexural strength for orthodontic resin cements as a function
of the percent monomer and glass loading.
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Flexural Strength (MPa)

120
100
80
60
40
20
0
45

50
55
Glass Loading (w/w%)

60

Figure 4. The flexural strength was measured as a function of glass loading with a
constant Bis-GMA/TEGDMA ratio.
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3.6 Fumed Silica Loading
The effect of increasing fumed silica loading in each formulation is reported in
Table 6. While the monomer loading decreased, the monomer ratio of 50/50 BisGMA/TEGDMA was held constant. Glass and microcapsule loading remained at 70
w/w% and 5 w/w% respectively, for each formulation. This data only considers average
flexural strength and standard deviation for each monomer and fumed silica loading
percentages as reported in Table 6.
% Fumed Silica
0
0.2
0.5
0.6
0.8
1
1.4
1.6
1.8
2
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8

Flexural Strength
104.5
104.2
115.4
98.9
107.8
99.2
99.6
92.5
116.6
107
110.1
123.5
108.4
104.7
92.1
105.9
104
104

SD
17.7
19.9
20.4
19
18.1
18.6
15.8
12.8
14.8
15.7
16.6
17.7
12.5
18.9
17.6
18.9
18
17.4

Table 6: The average flexural strength for orthodontic resin cements as a function
of fumed silica loading.
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Flexural Strength (MPa)

140
120
100
80
60
40
20
0
0

0.5
1
1.5
2
2.5
Fumed Silica Loading (w/w%)

3

Figure 5. The flexural strength (MPa) was measured as a function of the fumed silica
loading. This was done in order to measure the effect of fumed silica loading had on the
flexural strength when all other formulation variables were constant.
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3.7 Microcapsule Loading
The effect of increasing microcapsule loading in the formulation on the flexural
strength is reported in Table 7. While the monomer loading was decreased, the monomer
ratio of 50/50 Bis-GMA/TEGDMA was held constant. Glass and fumed silica loading
remained at 70 w/w% and 5 w/w% respectively, for each formulation. This data only
considers the average flexural strength and microcapsule loading percentages as reported
in Table 7.
% Microcapsules
6
7
8
9
10

Flexural Strength
114.2
113.4
92.3
84.2
67.7

SD
20.2
23.6
25.9
15.7
15.6

Table 7: The average flexural strength for orthodontic resin cements as a function
of microcapsule loading.
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Flexural Strength (MPa)

140
120
100
80
60
40
20
0
6

7
8
9
10
Microcapsule Loading (w/w%)

Figure 6. The flexural strength (MPa) as a function of microcapsule loading (w/w%) was
measured. This was done in order to compare the impact of microcapsule loading on
flexural strength when all other formulation variables were constant.
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3.8 Commercial Orthodontic Cements
The flexural strength (MPa) was measured for commercially available orthodontic
resin cements. These values are reported in Table 8.

Formulation
3M Transbond XT
Ormco Grengloo
Reliance Assure

Flexural Strength
106.6
134.8
115.4

SD
19.2
14.8
26.1

Table 8: The average flexural strength for commercial orthodontic resin cement
formulations.
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Flexural Strength (MPa)

160
140
120
100
80
60
40
20
0

3M Transbond XT Ormco Grengloo

Reliance Assure

Commerical Formulations
Figure 7. The flexural strength (MPa) as a function of commercial formulations was
measured. This was done to compare our formulations to the commercially available
orthodontic resin cements on the market.
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The purpose of this study was to develop a new approach to promote
remineralization by incorporating ion permeable microcapsules as a filler in orthodontic
resin cement. To promote remineralization and prevent demineralization of the enamel in
the oral environment, the resin cement would release remineralizing ions (e.g. fluoride,
calcium, phosphate) contained within the microcapsules. This formulation could then be
used in orthodontic treatment to combat early stages of dental caries, known as white spot
lesion development. Furthermore, inclusion of microcapsules in orthodontic resin
cements enhanced the uptake and release of additional fluoride ions due to tooth brushing
[34]. If this does not adversely impact flexural strength, improvement could be
potentially achieved. The variables of Bis-GMA, TEDGMA, glass, fumed silica, and
microcapsules all can be manipulated to produce differing effects on the physical
properties in an orthodontic resin cement. These variables were prepared in over 65
formulations with the goal of measuring and analyzing the flexural strength. While
understood that each independent variable of the continuous phase directly affects one
another, the data was systemically analyzed for the effect of each variable.
The first variable considered was the role of the monomer ratio. Across all the
formulations prepared, the flexural strength at different monomer ratios were averaged
and divided into four categories. This study used Bis-GMA as the toughening monomer
and TEGDMA as the diluent monomer. As seen in both Table 2 and Figure 1 the role
Bis-GMA/TEGDMA ratio had on flexural strength was observed over the range of 4:1
through 1:1. Multiple variations of in the continuous phase existed with regards to
monomer, glass, fumed silica, and microcapsule loading. When flexural strength was
measured, a slight trend downward of the mean was observed from 50/50 to 80/20. But
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this trend was not statistically significant in the context of standard deviations. With the
ratio of Bis-GMA/TEGDMA monomers taken into account, the percent monomer
loading was the next variable of interest. Again a multitude of variations existed for glass,
fumed silica, and microcapsule loading in addition to different monomer ratios. In Table
3 and Figure 2 the role of monomer loading on the flexural strength was examined. In
this data table and graph no significant trend was observed.
The next variable that was considered is the effect of barium boroaluminosilicate
glass loading. Although the expected result would be higher flexural strength with
increased glass content, the trend was examined if that were true in the presence of
microcapsules. The selected formulations had different variations in the continuous phase
of monomer, fumed silica, and microcapsule loading. The flexural strength and standard
deviation for glass loadings of 45-70 w/w% can be seen in Table 4 and Figure 3. Some
multiple trials of the same glass loadings were averaged together to produce their flexural
strength. When looking through this particular table and graph no discernable trend was
observed. To further test this observation, a subset of formulations was prepared where
all the variables were held constant. In Table 5 and Figure 4 the flexural strength was
measured for formulations where the monomer ratio was constant at 80/20 BisGMA/TEGDMA with 5 w/w% fumed silica and 5 w/w% microcapsule loadings. No
statistical significance was found when taking these flexural strength results into account.
Fumed silica loading was the next variable considered. In Table 6 and Figure 5
the flexural strength and standard deviation were reported. The percent fumed silica
loading range of 0-2.8 w/w% was thought to produce higher flexural strength with each
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increased loading of fumed silica. Once again in the presence of microcapsules, no
distinguishable trend of additive loading on the flexural strength was apparent.
The final variable considered was the microcapsule loading in the formulations. In
most all of the formulations 5 w/w% total microcapsules [2 w/w% 0.8 M NaF, 2 w/w%
5.0 M Ca(NO3)2, and 1 w/w% 2.0 M K2HPO4] was used in combination of the continuous
phase variations of monomer, glass, and fumed silica loading. Ideally, the fluoride would
continue to be released at higher concentrations for longer periods of time. To test the
varying degrees of increased microcapsule loading, Table 1 illustrates how the
formulations were changed to incorporate the increased percentage of fluoride
microcapsules. Both Table 7 and Figure 6 report the effect microcapsule loading (6-10
w/w%) had on flexural strength. The trend of increased microcapsule loading leads to a
decrease in the mean value of the flexural strength above 7 w/w% was observed.
These experiments have shown that the incorporation of microcapsules into
orthodontic resin cement is a potential way to manage white spot lesions. The
polyurethane based semipermeable membrane of the microcapsules act as a filler within
the resin cement that is capable of potentially promoting remineralization. This study has
demonstrated that there are potential formulations of orthodontic resin cement with
microcapsules that can meet the standard for flexural strength of an orthodontic bracket
cement.
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