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Abstract  
 
An area of research in dental materials has focused on the development of 
cariostatic materials.  One specific approach has focused on the incorporation 
of microcapsules that release calcium, phosphate, and fluoride ions. The 
microcapsules approach provides a slow sustained release of ions which is 
useful in the remineralization process. In order to use these microcapsules in 
dental materials, the effect of microcapsule incorporation on viscosity needs 
to be understood. Therefore, in this study we looked at the effect of 
microcapsules on the viscosity of pit and fissure sealants. We prepared a 
series of formulations to determine the effect of microcapsules on the 
viscosity of the formulations. Control formulations were prepared with only 
the monomers. This was followed by control formulations with monomers at 
different glass loadings. Finally, formulations were prepared with monomers 
at specific glass loadings, with and without microcapsules. The viscosity was 
measured as a function of shear rate and time to understand the fluid 
behavior of these systems. 
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CHAPTER 1 
___________________________________ 

INTRODUCTION 
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1.1 Preventative and Oral Environment 
Over the years, dentistry has shifted from restoration of dental caries 

to preventive care in private practices. Yet, dental caries is the most common 
chronic disease of childhood and it is five times more common than asthma 
[1].   The dental caries process is initiated when plaque forms and covers the 
tooth surface.  Plaque is formed when a gelatinous mass of bacteria adhere to 
the tooth surface. The bacteria metabolize carbohydrates for energy. Organic 
acids are produced as by-products resulting from the carbohydrate 
metabolism. This acidic environment ultimately leads to carious lesions. Over 
the years, dental restorations have improved providing better aesthetics and 
durability. With that being said, the 
prevent the occurrence of caries.  

Caries only form in the presence of bacteria. However, with the proper 
preventative procedures, caries can be avoided. Proper tooth brushing is one 
of the simplest preventative care methods. Brushing diligently fights caries 
by disrupting the biofilm from forming and removing accumulating bacteria 
on the tooth surface thereby disrupting the carious process. Despite the 
protection brushing offers, individuals with anomalous grooves in their teeth 
may be vulnerable to demineralization even with proper oral care. Fissure 
and occlusal pits are generally narrow (about 0.1mm wide) and are sites 
where bacteria and food may be retained. A toothbrush bristle is too large to 
penetrate the groove thus proper cleaning cannot be achieved. Therefore, the 
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placement of a dental sealant on occlusal pits and fissure by dentists is 
recommended [2]. Dental sealants are used preventively or therapeutically. 
The preventative approach to dentistry suggests that a sealant is placed on
the enamel without any sign of demineralization. A dental sealant is placed 
therapeutically when there are early signs of demineralization especially 
when white spot lesions are observed. A sealant is placed directly on the 
enamel without any invasive procedures in order to arrest the progression of 
caries [3]. Pit and fissure sealant are typically made of resin materials.  
 
1.2 Resin based materials  

 dentistry, resin composite has become more 
favored and popular than silver amalgam restorations. The popularity of 
resin based material is due to the aesthetic appearance that it provides to 

ed, research has 
focused on and aesthetic 
properties [4].   

Historically, composite materials were introduced to the market as 
restoratives; they were usually quartz filled with large filler particles, which 
made the restorations rougher and harder to polish. Polishing difficulties was
a concern for dental practitioners because it was affecting the aesthetic 
appearance. Resin based materials derive their physical properties from the 
chemical structure of the continuous phase and the identity and quality of 
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filler used. The viscosity of the uncured resin material is derived from the 
monomer types and ratio, the type of glasses, the glass size, the particle size 
distribution, and the surface treatment of the fillers [5].  The purpose of 
adding reinforced filler particles to the composite materials is to reduce 
shrinkage thereby minimizing gaps and defects. Also, the filler improves the 
resistance to wear and the mechanical properties. However, the increase of 
filler loading causes the material to be more viscous. Packable materials have 
a putty consistency which is desirable for most direct restorations. Less 
viscous composites were developed for other dental applications such as pit
and fissure sealants and flowable resin restorations. For this reason a 
flowable resin based composite was introduced in late 1996 [6]. 

Flowable dental resin based material is similar to convential composite 
in the chemical structure of the monomers used for the continuous phase. 
However, they largely differ in filler content. In flowable materials, the 
particle loading and size distribution can potentially be different to achieve 
lower viscosity. In conventional minifilled hybrids, composite filler loading 
ranges between 50-70% in volume. Flowable composite filler loading is 
reduced to 37-53% of the volume. The modification of the filler loading has 
lowered the viscosity making the material desirable to be used for a small 
preparation that would be difficult to fill otherwise. Flowable resin based 
material offers high wetting ability of the tooth surface, ensuring the proper 
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flow into tooth irregularities. However, reducing the filler loading causes
significant shrinkage and weaker mechanical properties [7]. 

  
1.3 Bioactive materials  

Research has focused on improving current dental materials. One area 
of research focuses on developing cariostatic materials. The effect of fluoride 
on remineralization has been investigated. It has been established that 
fluoride uptake is beneficial in the oral environment by lowering the critical 
pH of the enamel, thereby providing protection against the acidic 
environment [8, 9].  Calcium and phosphate must be present along with 
fluoride in order for the remineralization process to occur [10]. Some 
approaches for developing cariostatic materials include incorporation of 
bioactive glasses (BAG) or amorphous calcium phosphate (ACP). Bioactive 
glasses may contain calcium sodium phosphosilicate [11]. When BAGs 
contact the saliva calcium and phosphate ions are released, and precipitate 
near the enamel structure promoting remineralization [12, 13]. ACP has been 
suggested to promote remineralization and prevent carious lesions by 
replacing damaged enamel [14,15]. ACP has been incorporated in chewing 
gum which releases calcium and phosphate ions and deliver them to the 
enamel surface to promote remineralization [16]. Another approach 
incorporates the use of microcapsules that release calcium, phosphate, and 
fluoride. This approach provides a slow sustained release of ions which is 
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useful in the remineralization process [17]. This approach does not require 
the dissolution or etching of fillers and allows for the use of classic continuous 
phases.  In order to use these microcapsules in dental materials, the effect of 
microcapsules incorporation on viscosity needs to be understood. 

 
1.4 Rheology  

The characteristics of the restorative materials prior to polymerization 
are highly important to consider when formulations are made. One of the 
most important characteristics is the viscosity of the material prior to curing. 
The rheological properties of the material govern the way it is handled and 
manipulated by dental practitioners [18]. 

Rheology is the study of flow and the deformation characteristics of a
material as a function of shear rate and time. Viscosity is typically the main 
focus of rheology studies.  Viscosity is the measure of the internal friction of a 
fluid. The greater the friction, the greater the force needed to cause 
movement. This force is defined as shear stress. There are two types of fluids; 
Newtonian fluids and Non-Newtonian fluids. A Newtonian fluids viscosity 
remains constant as the shear rate is varied and remains constant as a 
function of time under a constant shear stress [19]. This relationship between
viscosity with shear rate can be observed in a Newtonian fluid such as water
(Figure 1).  
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Non-Newtonian fluid behavior is typically divided in to time and shear 
rate dependency. Non-Newtonian fluid behavior is classified as pseudoplastic 
or dilatant when measuring viscosity as a function of shear rate, thixotropic 
or rheopectic when measuring viscosity as a function of time. Pseduoplastic 
fluids display a decrease in viscosity as the shear rate increases [20]. This 
behavior can be also be called shear thinning (Figure 2). 

Dilatant fluids display an increase in viscosity as the shear rate 
increases which can be referred to as shear thickening behavior (Figure 3). 
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Thixotropic and rheopectic behavior refer to a change of viscosity as function 
of time while keeping the shear rate constant [19,20]. Thixotropic behavior is 
observed when viscosity decreases as a function of time (Figure 4). Rheopectic 
behavior is observed when the viscosity increases as a function of time under 
a constant shear stress and shear rate (Figure 5). 
  

These fluid behaviors are considered when dental composite are made 
and packaged. The dentist works with resin based materials that are 
packaged in small syringes that require easy dispensing through small gauge 
needles. Therefore, in this study we looked at the effect of microcapsules on 
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the viscosity of pit and fissure sealants. The goal is to better determine the 
effect of microcapsules on the non-Newtonian behavior of classic dental 
formulations. Understanding these effects will make it possible to develop 
formulations that include microcapsules that are used comfortably by dental 
professionals.     
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CHAPTER 2 
___________________________________ 

Materials and Methods 
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2.1 Prepolymer synthesis  
Microcapsules were prepared with a polyurethane shell. The polyurethane 
was prepared to low molecular weight. The synthesis was performed in an 
inert atmosphere of Argon at 70 C. A cyclohexanone solvent was used for the
reaction between ethylene glycol (Fisher, New Jersey) with isophorone 
diisocyanate (Sigma Aldrich, Steinheim) and left overnight. The prepolymer 
was then dried by vacuum.  
 
2.2 Microcapsule synthesis  

The prepolymer, after being dried, 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. These were introduced to the 
prepolymer during synthesis after having prepared a reverse emulsion [17].

When the prepolymer oil solution is agitated and the aqueous salt 
solution is introduced, a reverse emulsion forms. 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 
drive the reaction to the desired product. These microcapsules were 
centrifuged in a Fisher Centrific 288 centrifuge using a diluent, rinsed and 
prepared for formulation into the dental materials. 
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 2.3 Pit and Fissure sealant Formulations 
 A series of formulations were prepared to determine the effect of 
microcapsules on viscosity. Control formulations were prepared using
dimethacrylate monomers only at different ratios. This followed by 
formulation with monomers at different glass ratios. Finally, formulations 
were prepared with monomers at specific glass loading with and without 
microcapsules. 
2.3.1 Control formulations 

The continuous phase of resin based materials are often a mixture of
dimethacrylate monomers. A range of mixtures of monomers UDMA and 
TEGDMA were prepared in order to investigate the rheological properties. 
Five mixtures were prepared with different ratios of UDMA: TEGDMA (4:1, 
5:1, 6:1, 7:1 and 8:1). The UDMA and TEGDMA mixtures were blended in a 
centripetal mixer for 1 minute at 2000rpm. The mixtures were checked for 
homogeneity before proceeding. Viscosity measurements were performed to 
determine whether the formulation exhibited Newtonian or non-Newtonian 
behavior.  
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2.3.2 Glass filled formulations  
Formulations with glass fillers (barium boroaluminosilicate glass)

were introduced. Mixtures were prepared with glass content of 10%, 20%, and 
30w/w% at different UDMA: TEGDMA ratios as reported in Table 1. Glass
was added incrementally and mixed for one minute intervals in the mixer at 
2000rpm. Samples were left to cool down before each mixing step if they were 
warm to the touch. Viscosity measurements were performed to determine the 
effect of glass loading on formulation viscosity.  

Continuous Phase  Glass Loading 
UDMA: TEGDMA (4:1) 10 w/w% 
UDMA: TEGDMA (5:1) 10 w/w% 
UDMA: TEGDMA (7:1) 10 w/w%  
UDMA: TEGDMA (4:1) 20 w/w%  
UDMA: TEGDMA (5:1) 20 w/w%  
UDMA: TEGDMA (7:1) 20 w/w% 
UDMA: TEGDMA (4:1) 30 w/w% 
UDMA: TEGDMA (5:1) 30 w/w%  
UDMA: TEGDMA (7:1) 30 w/w%  
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2.3.3 Microcapsules formulations  
The effect of adding was

measured. Formulations were prepared with and without microcapsules in 
the presence of 20w/w% glass. 5w/w% of microcapsules (polyurethane 
microcapsules based on isophorone-ethylene glycol that contains 3.0M 
potassium phosphate dibasic, 5.0M calcium nitrate tetrahydrate and 0.8M 
sodium fluoride) were added to the formulations at different ratios of UDMA: 
TEGDMA as reported in Table 2. Microcapsules were mixed for 5 minutes in 
the mixer at 2000rpm. 

Continuous Phase  Glass Loading Microcapsules 
U: T (4:1) 20 w/w%  5 w/w% 
U: T (4:1) 20 w/w%  0 w/w% 
U: T (5:1) 20 w/w%  5 w/w% 
U: T (5:1) 20 w/w%  0 w/w% 
U: T (7:1) 20 w/w%  5 w/w% 
U: T (7:1) 20 w/w%  0 w/w% 
U: T (8:1) 20 w/w%  5 w/w% 
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2.4 Rheometers and viscosity measurements  
 2.4.1 Rheometers 

 A rheometer is an instrument used 
to measure the flow of fluids. A 
Brookfield Rheometer DV3T (Figure 6) 
was used to measure the viscosity of the 
formulations in this study. The motor of 
the rheometer is attached to a spindle 
which rotates inside a chamber that 
contains the fluid of which the viscosity is 
being measured. The rheometer measures the torque required to rotate 
the spindle in the fluid as a function of shear rate and time.  The 
geometry of the spindle and the chamber are key components to 
accurately measure the viscosity.  First, the shear rate  is calculated 
by measuring the angular velocity of the spindle ( ) in relation to the 
fluid flow in the chamber when force is applied. The radius of the 
spindle (Rc) and chamber (Rb) are also measured in centimeters. The 
following equation is used to calculate the shear rate: 

  
 
The shear stress  is calculated by using the torque input (M) 

of the instrument, the length of the spindle is in centimeters (L). Rb is 

        2 Rc2        =       (Rc2 - Rb2 ) 
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the radius of the chamber in centimeters. The following equation is 
used to calculate the shear stress: 

 
 
 

Knowing the values of the shear rate and the shear stress, 
viscosity can be calculated by using the following equation: 

 
 

2.4.2 Rheology measurements  
The principle of the Brookfield Rheometer DV3T is to drive a 

spindle that is immersed in the test fluid through a calibrated spring. 
There are different sizes of spindles and chambers that may be used 
with the DV3T Rheometer. Spindle SC4-18 and chamber SC4-13RP 
were used to test all the formulation samples. The size of the spindle 
used was entered in the rheometer setting in order to accurately 
measure the viscosity. In order to achieve proper calibration, the 
rheometer is turned on without attaching the spindle to it. The system 
then undergoes an automatic autozero step. After the calibration was 
completed, the spindle was attached to the rheometer. A volume of 6ml 
of the dental formulation was added to the sample chamber. The 
sample chamber was inserted at the bottom of the rheometer and 

     M 
   

            b2 L 

      
      = 
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securely attached. The spindle was and must be fully submerged into 
the sample before making measurements. For these experiments, the 
rheometer was set to measure the viscosity at four different shear 
rates by using four different speeds of mixing (1RPM, 5RPM, 10RPM, 
and 20RPM). The use of different shear rates allowed the observation
of the fluid behavior and whether formulations display pseudoplastic,
dilatant, or Newtonian behavior. The shear rate was held constant for 
90 seconds to observe whether the formulations are thixotropic,
rheopectic, or Newtonian. Each formulation was measured twice. The 
first time is defined as pre-shear mixing viscosity. The formulation was 
immediately reevaluated under identical conditions and was called 
post-shear mixing viscosity.  
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CHAPTER 3 
___________________________________ 

Results
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3.1 Rheological measurements  
The effect of microcapsules on formulation viscosity was studied in 

order to prepare formulations with acceptable handling characteristics for a 
dental professional. The figures of this section demonstrate the viscosity 
measurements as a function of UDMA: TEGDMA ratios, and as a function of 
time. The viscosity was measured as a function of UDMA: TEGDMA ratios 
for different monomer ratios, glass loadings, and the effect of the presence of 
microcapsules. The viscosity was also measured as a function of time in these 
experiments. The data time dependent reported focused on the series of 
formulations prepared with a UDMA: TEGDMA ratio of 5:1 measured at 
5rpm on the rheometer. The viscosity measurements were reported pre- and 
post-shear at (23±1°C) for all the sets of data. 
3.1.1 Effect of monomer ratios on viscosity  

Viscosity measurements as a function of UDMA: TEGDMA ratios were 
recorded for five different UDMA: TEGDMA ratios (4:1, 5:1, 6:1, 7:1, and 8:1) 
at four different speeds in the rheometer (1rpm, 5rpm, 10rpm, and 20rpm). 
The pre-shear viscosity measurements are reported in Figure 7. The post 
shear viscosity measurements are reported in Figure 8. Viscosity 
measurement as a function of time were measured for the 5:1 (UDMA: 
TEGDMA ratio), the pre-shear and post-shear viscosity measurements are 
reported in Figure 9. 
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3.1.2 Effect of Glass loading on viscosity  
Viscosity measurements of 10, 20, and 30w/w% glass loading as a 

function of UDMA: TEGDMA ratios were recorded for three different UDMA: 
TEGDMA ratios (4:1, 5:1, and 7:1) at four different speeds in the rheometer 
(1rpm, 5rpm, 10rpm, and 20rpm). The pre-shear viscosity measurements are 
reported for 1rpm, 5rpm, 10rpm, and 20rpm mixing speeds in Figures 10, 11, 
12, and 13 respectively. The post shear viscosity measurements are reported 
for 1rpm, 5rpm, 10rpm, and 20rpm mixing speeds in Figures 14, 15, 16, and 
17 respectively.  

Viscosity measurements of 10, 20, 30 w/w% glass loading as a function 
of time were measured for the 5:1 (UDMA: TEGDMA ratio) at 5rpm. The pre-
shear viscosity measurements are reported in Figure 18 and post-shear 
viscosity measurements are reported in Figure 19. 
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3.1.3 Effect of microcapsules on viscosity  
All formulations of this section had 20w/w% glass. Two formulations 

were prepared where one formulation had 5w/w% microcapsules (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) and one formulation had no 
microcapsules. Viscosity measurements as a function of UDMA: TEGDMA 
ratios were recorded for three different UDMA: TEGDMA ratios (4:1, 5:1, and 
7:1) at four different speeds in the rheometer (1rpm, 5rpm, 10rpm, and 
20rpm). The pre-shear viscosity measurements are reported for 1rpm, 5rpm, 
10rpm, and 20rpm mixing speeds in Figures 20, 21, 22, and 23 respectively. 
The post shear viscosity measurements are reported for 1rpm, 5rpm, 10rpm, 
and 20rpm mixing speeds in Figures 24, 25, 26, and 27 respectively. 

Viscosity measurements of 20 w/w% glass loading as a function of time 
were measured for the 5:1 (UDMA: TEGDMA ratio) with and without the 
presence of 5w/w% microcapsules at 5rpm. The pre-shear viscosity 
measurements are reported in Figure 28 and post-shear viscosity 
measurements are reported in Figure 29. 
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3.2 Viscosity as a function of time  
 Figures 9, 18, 19, 23, and 29 report the graphic data of the viscosity as 
a function of time for different formulations. Table 3 reports the qualitative 
values of the viscosity at time 0 and 90 seconds for the measurement at 5rpm. 
All of the formulations in Table 3 used the only 5:1 UDMA: TEGDMA ratio
for the continuous phase. The Table is organized by glass loading, 
microcapsule loading and whether the measurement was made pre- or post-
shear.  
 

Glass 
Loading 
(w/w%) 

Microcapsules 
(w/w%) 

Viscosity 
Pre-shear 

(cP) 
t=0secs 

Viscosity 
Pre-shear 

(cP) 
t=90secs 

Pre-shear 
(cP) 

Viscosity 
Post-shear 

(cP) 
t=0secs 

Viscosity 
Post-shear 

(cP) 
t=90secs 

Post-shear 
(cP) 

0 0 3174 2918 256 1894 1843 51
10 0 2970 2816 154 2355 2355 0
20 0 4608 4454 154 3482 3328 154
30 0 5683 5530 153 4608 4454 154
20 5 1741 1536 205 1587 1536 51
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 The monomers used in a dental resin based material have a significant 
impact on the physical and mechanical properties of a given formulation. 
UDMA was the main toughening dimethacrylate monomer used in this study. 
TEGDMA was used as the diluent monomer in this study. A diluent monomer 
like TEGDMA is typically required to achieve the necessary viscosity for 
handling characteristics. Therefore, a mixture of UDMA: TEGDMA was used 
in this study to balance mechanical properties with workability. Pit and 
fissure sealants are used in preventative dentistry to reduce the risk of 
caries. However, challenges due to polymerization shrinkage that result in 
marginal defects and gaps can still lead to the patient developing caries. An 
approach incorporating microcapsules into sealants has shown sustained and 
steady release of ions in order to promote remineralization [17]. The handling 
characteristics of pit and fissure sealants with these microcapsules are of 
practical interest. Therefore, we prepared a series of formulations to 
determine the effect of microcapsules on the viscosity of the formulations. In 
order to determine the effect of microcapsules on viscosity, control 
formulations were prepared with only the monomers. This was followed by 
formulation with monomers at different glass loadings. Finally, formulations 
were prepared with monomers at specific glass loading with and without 
microcapsules. 
 
 



48 

4.1 Rheological measurements 
 
4.1.1 Effect of monomer ratios on viscosity 

Unfilled formulations at different UDMA: TEGDMA ratios (4:1, 5:1, 
6:1, 7:1, and 8:1) were prepared. For all UDMA: TEGDMA ratios except the   
4:1 ratio, the viscosity decreased as the shear rate increased as seen in Figure 
7. This type of behavior is referred to as pseudoplastic or shear thinning. At 
the 4:1 UDMA: TEGDMA ratio the mixture displayed a Newtonian behavior
where the viscosity was relatively constant as a function of shear rate. The 
viscosity of formulations were measured post-shear as seen in Figure 8. The 
viscosity of the post-shear was much lower than the pre-shear measurements 
yet the fluid behavior remained pseudoplastic. UDMA has a higher viscosity 
than TEGDMA. In the control experiments as the UDMA content increased, 
the viscosity increased and as the UDMA to TEGDMA ratio increased, the 
pseudoplastic behavior becomes more pronounced. 

 
4.1.2 Effect of glass loading on materials  

The addition of glass filler to the material enhances the mechanical 
properties and reduces the shrinkage during polymerization [5]. The presence 
of glass also increases the overall viscosity of the uncured material. Not 
surprisingly, a significant increase of viscosity was observed when glass was 
added to our formulations between 10-30w/w%. Viscosity measurements of 
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10, 20, and 30w/w% glass loading as a function of UDMA: TEGDMA ratios 
were recorded for three different UDMA: TEGDMA ratios (4:1, 5:1, and 7:1) 
at four different speeds in the rheometer (1rpm, 5rpm, 10rpm, and 20rpm). 
The pre-shear viscosity measurements are reported for 1rpm, 5rpm, 10rpm, 
and 20rpm mixing speeds in Figures 10, 11, 12, and 13 respectively. The 
viscosity increased as the UDMA: TEGDMA ratio increased. The viscosity 
also increased as the amount of glass added increased. When analyzing the 
pre-shear viscosity at different speeds, the viscosity of the materials 
decreased when shear rate increased. Thus, these formulations were all 
pseudoplastic.  The post shear viscosity measurements are reported for 1rpm, 
5rpm, 10rpm, and 20rpm mixing speeds in Figures 14, 15, 16, and 17
respectively. The viscosity of the formulation was lower in the post-shear
measurements but they still exhibited pseudoplastic fluid behavior as was 
observed with the pre-shear measurements.  
 
4.1.3 Effect of microcapsules on viscosity 

This is the first time the effect of microcapsules on rheological
properties was studied. When microcapsules were added to the formulation 
the viscosity of the material decreased significantly which was an unexpected 
result.  The pre-shear viscosity measurements for 1rpm, 5rpm, 10rpm, and 
20rpm mixing speeds in Figures 20, 21, 22, and 23 respectively show a 
decrease in viscosity as the shear rate increased. Microcapsules did not 
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change the behavior of the formulations in terms of their exhibiting 
pseduoplastic behavior when the shear rate increased. The post shear 
viscosity measurements are lower than the pre-shear but the formulations 
pseudoplastic behavior did not change at the mixing speeds of 1rpm, 5rpm, 
10rpm, and 20rpm as seen in Figures 24, 25, 26, and 27 respectively. Looking 
carefully at the data, formulations appear to be slightly less pseudoplastic in 
the presence of microcapsules in terms of the relative decrease in viscosity as 
a function of shear rate.   
 
4.2 Viscosity as a function of time   
 In order to determine how the microcapsules effect the overall 
thixotropy of the dental formulations, the viscosity was measured as a 
function of time. Pre-shear measurements could be susceptible to anomalous 
artifacts on filling the rheometer. Things such as air bubbles could lead to 
some errors in the apparent viscosity calculations. Therefore, all 
measurements were repeated after mixing in the rheometer for 6 minutes as 
post-shear values. These post mixing values are lower possibly due to shear 
thinning, but represent potentially a clearer trend of how the fillers influence 
the viscosity.  
 For a control formulation a continuous phase that was 5:1 UDMA: 
TEGDMA at 5rpm was measured pre- and post-shear measurements. Glass 
was introduced into these formulations next at 10, 20, 30w/w% of the 
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formulations. Looking at the data in Table 3, the addition of 10w/w% glass 
appear to slightly decrease the viscosity of the pre-shear measurement, 
however, this is likely only an artifact of filling the rheology sample chamber. 
As seen in the post-shear measurement, however, the addition of 10w/w% 
indeed increase the overall viscosity of the formulation without glass. The 
pre-shear sample exhibited thixotropic behavior in this example whereas the 
post-shear sample did not over 90 seconds. As glass addition increased to 20 
and 30w/w%, the viscosities of the formulations increased as expected and 
both of these samples exhibited thixotropic behavior.  
 Microcapsules were added to a formulation with 20w/w% glass. An 
expected results occurred with the addition of microcapsules. At 5 w/w% 
loading, the overall viscosity was not only lower than the control formulations 
with 20 w/w% glass, but the overall viscosity was lower than the unfilled 
control of 5:1 UDMA:TEGDMA. Looking at the post-shear values the 
microcapsules lowered the viscosity of the glass filled formulation by 
approximately 1800cP and lowered the viscosity relative to the control by 
nearly 300cP. The microcapsules filled formulation was also thixotropic. The 
change in viscosity as a function of time was equivalent to formulations with 
just monomers and glass. The addition of the microcapsules did not have a 
large effect on the thixotropy of the formulation, but did have an unexpected 
effect in decreasing the apparent overall viscosity of the formulation.  
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Microcapsules have a significant rheological effect on the formulations 
as a function of time and shear rate. Even though the formulations retain 
their pseudoplastic, thixotropic behavior in the presence of microcapsules, the 
overall viscosity decreases significantly. The decrease of viscosity was an 
unexpected result, considering the fact that viscosity typically increases when 
solid fillers are added. One potential explanation for the viscosity reduction 
could be that the microcapsules behave as a plasticizer. In other work, our 
research group has observed the microcapsules correlate to a reduction in 
brittleness of a post-polymerized formulation and increase the flexibility of 
the given material. If the microcapsules indeed behave as plasticizers, then 
the overall reduction of viscosity of the material would be expected.    
 
4.3 Conclusion 

Dental caries are one of the most common infectious diseases. Caries 
only forms in the presence of bacteria. Brushing diligently fights caries by 
disrupting the biofilm that forms thereby disrupt carious process. Despite the 
protection brushing offers, individuals with anomalous grooves in their teeth 
may be vulnerable to demineralization even with proper oral care. Therefore, 
dental sealants are used preventively by placing them on deep pits and 
fissures thereby creating a barrier. Research has focused on improving dental 
materials by creating a cariostatic materials. Some approaches for developing 
cariostatic materials include incorporation of bioactive glasses (BAG) or 
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amorphous calcium phosphate (ACP). Another approach incorporates the use 
of microcapsules that release calcium, phosphate, and fluoride. The 
microcapsules approach provides a slow sustained release of ions which is 
useful in the remineralization process [17]. In order to use these 
microcapsules in dental materials, the effect of microcapsules incorporation 
on viscosity needs to be understood. Therefore, in this study we looked at the 
effect of microcapsules on the viscosity of pit and fissure sealants. 
Microcapsules clearly have an impact on the viscosity and the overall 
handling characteristics of the dental formulation. The unexpected decrease 
in viscosity provides new possible opportunities in the development of highly 
filled composites.  

 
 
 
 
 

 
 
 
 
 
 



54 

References 
[1]US Department of Health and Human Services. Oral Health America: A 
Report of the Surgeon General-- Executive Summary . Rockville, MD: US 
Department of Health and Human Services, National Institute of Dental and 
Craniofacial Research, National Institutes of Health, 2000. 
[2] Newbrun E. Cariology. 3rd ed. Chicago, Illinois: Quintessence Publishing 
Co, Inc; 1989. 

Acta Med 
Acad. 2013;42(2):216-222. 
[4] Moszner N, Salz U. New developments of polymeric dental composites. 
Prog Polym Sci 2001;26:535 76. 
[5]Burgess JO, Walker R, Davidson JM. Posterior resin-based composite: A 
review of the literature. Pediatric Dentistry. 2002;24:465-79. 
[6] García AH, Lozano MAM, Vila JC, Escribano AB, Fos Galve P. Composite 
resins. A review of the materials and clinical indications. Medicina Oral 
Patologia Oral Y Cirugia Bucal. 2006;11:E215-20. 
[7] Murchison D, Charlton D, Moore W. Comparative radiopacity of flowable 
resin composites. Quintessence International. 1999;30:179-84 
[8] Ten Cate JM, Featherstone JDB. Mechanistic aspects of the interactions 
between fluoride and dental enamel. Critical Reviews in Oral Biology and 
Medicine 1991;2(2):283 96. 



55 

[9] Ten Cate JM. Review on fluoride, with special emphasis on calcium 
fluoride mechanisms in caries prevention. European Journal of Oral Sciences 
1997;105:461 5. 
[10] Featherstone JDB. Remineralization, the natural caries process the 
need for new approaches. Advances in Dental Research 2009;21:4 7. 
[11] Reynolds EC. Calcium phosphate-based remineralization systems: 
scientific evidence? Aus Dent J 2008;53:268 273. 
[12] Burwell AK, Litkowski LJ, Greenspan DC. Calcium sodium 
phosphosilicate (Novamin®): remineralization potential. Advances in Dental 
Research 2009;21(1):35 9. 
[13] L.L. Hench, D. Greenspan Interactions between bioactive glass and 
collagen: a review and new perspectives J Aust Ceram Soc, 49 (2013), pp. 1
40 
[14] Shaw L, Murray JJ, 

Caries Res 1983; 17: 
543-548.  
[15 Acta Biomater 
2010; 6: 4457 4475. 
[16] Lynch RJ, Navada R, Wal -levels of fluoride in plaque and 
saliva and their effects on the demineralization and remineralization of 

Int Dent J 2004; 54: 304-309.  



56 

Permeable Microcapsules for the release of biologically available ions for 
J Biomed Res A 2012; 100: 665-672.  

[18] Opdam NJM, Roeters JJM, Peters TCRB, Burgersdijk RCW,Kuijs RH. 
Consistency of resin composites for posterior use.Dent Mater 1996;12(5
6):350 4. 
[19] De Kee D, Chan Man Fong CF. Rheological properties of structured 
fluids. Polym Eng Sci 1994;34(5):438 45. 
[20] Barnes HA, Hutton JF, Walters K. An introduction to rheology. 1st ed. 
Amsterdam: Elsevier; 1989. p. 115 40. 


