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ABSTRACT 

The purpose of many dental products, including toothpaste, is to promote 

remineralization on the surface of the tooth. In this study, aqueous calcium nitrate salt 

and potassium phosphate salt solutions were encapsulated into microcapsules and added 

to toothpaste. This approach provided the toothpaste with a source of calcium ions and 

phosphate ions, which became bioavailable upon the brushing and rupturing of the 

microcapsules in the toothpaste. The analysis of the release of calcium and phosphate 

ions upon brushing demonstrated that large amounts of both ions were being released. 

Additionally, fluoride ions continued to be released from the active ingredient (sodium 

fluoride) in the toothpaste. By demonstrating the release of calcium ions, phosphate ions 

and fluoride ions to the oral environment, this approach promotes the precipitation of 

calcium fluoride and calcium phosphate salts that could lead to remineralization. The 

results from the study show strong support that toothpaste which contains aqueous 

calcium containing microcapsules and aqueous phosphate containing microcapsules 

could help reverse the demineralization process and advance the remineralization process 

on the surface of the tooth. 
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1.1 Oral Health 
"

In 2000, for the first time, the Surgeon General released a report on oral health 

stating its essential role in the general health and well being of all Americans.1 One of the 

major diseases that affects the oral health of all people is dental caries. Dental caries, also 

know as tooth decay, is one of the most widespread chronic diseases that affects the oral 

health of people worldwide.2 Dental caries is defined as a localized chemical dissolution 

of the tooth surface caused by metabolic events in the dental plaque covering the affected 

area.3 For many years, the field of dentistry focused on surgical procedures such as 

fillings and extractions to treat dental caries. However, as dentistry has evolved through 

the years, there is a clear sign of the field moving from surgical procedures to non-

surgical/preventative approaches. With this treatment procedure, prevention of caries is 

the dentist’s goal.4  

The process of preventing dental caries starts at a young age. While studies have 

shown that over the past 20 years the prevalence of caries has declined, it still continues 

to be a major problem.5 One of the many steps to prevent dental caries is good oral 

hygiene. With diligent brushing, the removal of some of the bacteria that accumulate on 

the tooth surface is possible and can lead to a disruption in the carious process. This only 

disrupts the build up of bacteria on the tooth surface, but it does not repair any damage 

that has already been caused. This damage leads to a need for a way to repair the damage 

that has already been caused by the bacteria. One way to restore the damage to the tooth 

surface is through remineralization. Remineralization is possible when there are 

bioavailable ions of calcium, phosphate and fluoride.6 Despite the fact that there are a lot 

of different products on the market today that claim to remineralize the tooth surface, 

dental caries is still an issue facing many individuals. This problem causes the need for 
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continued research for a technological approach that can deliver new and innovative ways 

to promote remineralization of the tooth.  

1.2 Enamel Composition 

Teeth are all composed of three calcified tissues: enamel, dentin and cementum. 

The tooth can be divided into two sections, the crown which is the portion of the tooth 

that is seen, and the root, which is embedded into the gingiva. The root of the tooth is 

made up of both cementum and dentin. Cementum is the outer calcified layer of the root 

and it covers the inner calcified layer known as dentin. The crown of the tooth also has 

dentin as its inner layer of calcified tissue, but the outer layer covering the dentin on the 

crown is enamel. The majority of research on dental caries has focused mainly on enamel 

as the majority of research has focused on coronal caries, also known as caries of the 

crown.7  

Enamel is comprised of approximately 96 wt% mineral. The remaining 4 wt% 

that is unaccounted for in enamel is comprised of water and organic material, including 

proteins and lipids. Enamel is very similar to hydroxyapatite (HAP), which has a 

chemical formula of Ca10(PO4)6(OH)2. Enamel differs from HAP in that enamel is more 

soluble in acids, is calcium deficient and contains 2 to 5 wt% carbonate ions. The actual 

structure of enamel is a carbonated hydroxyapatite which is represented by the formula 

Ca10-x(Na)x(PO4)6-y(CO3)z(OH)2-u(F)u. Since the two structures are very similar, it is 

simpler to refer to enamel as being hydroxyapatite.7-8 

1.3 Dental Caries 

Dental caries starts with the build up of plaque on the enamel surface of the teeth. 

Plaque is a bacterial film that metabolizes fermentable carbohydrates such as glucose and 
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fructose and produces weak organic acids as its byproducts. The two main bacteria that 

are responsible for the production of the weak organic acids are Streptoccocus mutans 

and Lactobacillus. As the two bacteria produce acid, a drop is seen in the local pH. If the 

pH drop is enough that it falls below the critical pH value then demineralization of the 

enamel can occur.2,9,10 The critical pH varies amongst individuals and usually is 

associated with the concentration of phosphate and calcium ions in the saliva. People 

with low salivary concentrations of calcium ions and phosphate ions have a critical pH 

around 6.5, while those with a high salivary concentration have a critical pH around 5.5.11 

As the pH drops, the solubility of the hydroxyapatite will increase and a corresponding 

increase in the concentration of hydroxide ions in the saliva is observed. The phosphate 

groups, carbonate impurities and hydroxyl groups in the HAP structure have an affinity 

for hydroxide ions. The loss of these ions also leads to the loss of calcium ions to the 

saliva. As the ions start to diffuse from the surface layer of enamel, the demineralization 

process begins.8 Demineralization does not necessarily lead to permanent damage to the 

enamel. Under the right conditions, remineralization can occur. While the structure of the 

enamel does not return back to its exact original form, the structural damage that has been 

done can be repaired. In order to try and slow the demineralization process or reverse it, 

the concentration of bioavailable calcium ions and phosphate ions should supersaturate 

the saliva. As the concentration of these ions increase in the saliva, the ions can transport 

passively back into the enamel surface.12  

1.4 Remineralization and Demineralization 
 

The cycle of remineralization and demineralization is an equilibrium process at 

the enamel surface of the tooth. During demineralization, the hydroxyapatite composition 

of the enamel loses calcium and phosphate ions to the saliva or plaque fluid surrounding 
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the tooth. This process will continue until saturation is reached. During remineralization 

the opposite occurs, calcium ions and phosphate ions move from the saliva to the surface 

enamel of the tooth, until saturation is reached.11 If the demineralization process is 

favored over remineralization, then there is a loss in tooth mineral. This can result in a 

cavitation forming. On the other hand, if remineralization is favored over 

demineralization, then there will be a gain of tooth mineral on the surface of the tooth.13 

The goal of many of the products in the market place today is to promote 

remineralization and to hinder demineralization. In order to fight demineralization and 

promote remineralization, a source that can potentially increase the concentration of 

bioavailable phosphate ions and calcium ions is needed. One possible way to accomplish 

this is through providing bioavailable calcium ions and phosphate ions that can be readily 

released into the saliva by toothpaste.  

1.5 Toothpaste 
 
 
 Toothpaste, also known as dentifrice, is one of the many tools used to fight the 

build up of plaque and stop the progression of dental caries. Plaque is the colonization of 

bacteria on to the tooth surface.14 While toothpaste helps to remove plaque and hinder the 

development of caries, it is not 100% effective and plaque build up occurs. As the 

bacteria in plaque accumulates, carbohydrate metabolism by the bacteria leads to the 

production of organic acids e.g. (lactic acid, acetic acid, formic acid, and propionic 

acid).15 The production of acid in the oral environment results in a drop of the pH in the 

plaque fluid and saliva surrounding the tooth. As the pH drops below the critical pH, 

demineralization of the enamel surface is favored.  
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In an attempt to slow down or reverse the process of demineralization, fluoride 

was added to toothpaste in industrial nations during the late 1960s. The most common 

forms of fluoride seen in toothpaste are sodium fluoride (NaF), sodium 

monofluorophosphate (MFP), and to a lesser extent amino fluoride (AmF) and stannous 

fluoride (SnF2).16 Fluoride is able to fight demineralization three ways; inhibiting 

bacterial metabolism, inhibiting demineralization directly, and enhancing 

remineralization.5 Fluoride inhibits bacterial metabolism when the ionized form of 

fluoride combines with a hydrogen ion and forms hydrogen fluoride. Hydrogen fluoride 

has the potential to diffuse into the cell where it can dissociate and decrease the pH. 

Hydrogen fluoride also causes the release of free fluoride ions. These free ions are unable 

to diffuse through the bacteria’s cell membrane. As the fluoride ions build up, the ions 

interfere with the enzymatic activity of the bacteria.8,17-19  

Fluoride inhibits demineralization directly by substituting for lost hydroxyl ions 

and carbonate ions creating remineralizing sites. During the early development of the 

tooth, carbonate ion is one of the many ions that is found throughout the crystal 

arrangement of the HAP structure. The carbonated hydroxyapatite is more soluble than 

HAP. When a fluoride ion replaces the lost carbonate ion, it can form fluorapatite, which 

has a lower Ksp than hydroxyapatite and carbonated hydroxyapatite.5,8  

The last way fluoride works to inhibit demineralization is by enhancing 

remineralization. It enhances remineralization by adsorbing to the crystal surface of the 

hydroxyapatite structure of the enamel. Fluoride ions on the surface of the tooth attract 

calcium ions, which in turn attract phosphate ions. The increased concentration of 

calcium, phosphate and fluoride ions at the enamel surface promote the remineralization 

of the hydroxyapatite crystal leading to mineral gain.5,20  
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Even though fluoride ions slow down demineralization and promote 

remineralization, there is still a need for calcium ions and phosphate ions to complete the 

remineralization process. Therefore, a challenge remains to develop toothpaste that 

provides a significant amount of bioavailable calcium and phosphate ions for 

remineralization. Toothpaste that provides bio-available calcium ions and phosphate ions 

would have the potential to saturate the saliva and promote remineralization on the 

enamel surface.   

There are a few different remineralization technologies that attempt to deliver 

bioavailable calcium ions and phosphate ions to the saliva. One approach incorporates 

one of the numerous crystalline phases of calcium phosphate into toothpaste. There are a 

couple of products available on the market using this approach. The difference between 

most of these products has to do with the solubility of the crystalline phase that is being 

used. Tri-calcium phosphate by 3M is one of the products using crystalline calcium 

phosphate.21,22  

The next remineralization technology is one that uses unstable amorphous 

calcium phosphate (ACP). This system delivers calcium and phosphate salts separately. 

The two salts are kept separated to prevent precipitation of calcium phosphate and 

calcium fluoride salts while still present in the toothpaste tube. Once in the mouth the two 

salts dissolve in the saliva and promote the precipitation of ACP. If fluoride is present 

then, calcium fluoride containing salts (e.g. amorphous calcium fluoride phosphate or 

ACFP) can precipitate too. Ideally since ACP and ACFP can be very unstable they 

should transform to a more thermodynamically stable phase. This phase is the crystalline 

phase of hydroxyapatite or fluorhydroxyapatite. One product that is using ACP 

technology is Arm & Hammer Enamel Care! Toothpaste.23,24   
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Another approach for remineralization uses stabilized amorphous calcium 

phosphate. In this system, a stabilizing protein is used to stabilize both the phosphate ions 

and calcium ions. The most commonly used stabilizing protein is casein, which is found 

in milk.  There are two stabilized amorphous calcium phosphate systems that are created 

when using casein. The two are somewhat similar, one is casein phosphopeptide-

amorphous calcium phosphate (CPP-ACP) and the other is casein phosphopeptide-

stabilized amorphous calcium fluoride phosphate complexes (CPP-ACFP).25-27 The 

stabilization of the two ions has allowed for the incorporation of CPP-ACP and CPP- 

ACFP into not only toothpaste, but also, sugar-free chewing gums and other products. A 

couple of products that are incorporating CPP-ACP as the ingredient that is known as 

Recaldent! are MI Paste! by GC America and Trident Gum!.21,24 

Another remineralization approach is one that uses calcium sodium 

phosphosilicate and is called NovaMin!. It is composed of calcium, sodium, 

phosphorous and silica.  The silica (glass) contains both calcium and phosphate and 

promotes binding to the tooth surface. Once bound it releases both calcium and phosphate 

into the saliva and promotes remineralization. There are a few products on the market 

that use this system e.g. (SoothRx!, by OMNII Pharmaceuticals, Dr. Collins Restore 

Toothpaste, Butler NuCareTM and Butler Root Conditioner).24,28 Even though there are 

many different products on the market today, each using different approaches for 

remineralization, a challenge still remains to develop new systems to incorporate 

bioavailable calcium and phosphate ions into toothpaste to promote remineralization.   
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1.6 Microcapsule Approach 
 

Davidson, et. al. recently reported a new approach for remineralization.29 In this 

approach, aqueous salt solutions that contained calcium ions, phosphate ions or fluoride 

ions in different microcapsules showed the potential for controlled release of bioavailable 

ions. Changing the chemical structure of the microcapsules, initial ion concentration in 

the microcapsules and ion type, affected the rate of release of bioavailable ions for 

remineralization. This work measured the release rate of ions directly into bulk water. 

Other work in the same research group demonstrated the effect of the continuous phase 

that microcapsules are formulated into on release rate.29-31  

In this study microcapsules containing aqueous solutions of calcium and 

phosphate salts were mixed into toothpaste formulations. In this approach the 

microcapsules are targeted with an extremely low permeability of the encapsulated ions 

to the toothpaste continuous phase. In the toothpaste formula, the calcium ions and 

phosphate ions remain encapsulated in the microcapsule structure until rupture. The 

microcapsules keep the two ions separated from each other in the toothpaste. Otherwise, 

if the calcium and phosphate ions were not encapsulated in separate microcapsules, then 

over time the formation of calcium phosphate precipitates and calcium fluoride 

precipitates could occur. The goal of this approach is to significantly increase the amount 

of bioavailable calcium ions and phosphate ions in the saliva upon the rupturing of the 

microcapsules from brushing, while maintaining a suitable concentration of fluoride ions 

for remineralization. 
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In this chapter, the experimental procedure for preparing microcapsules 

containing aqueous salt solutions is detailed. This begins with a description of the 

synthesis of the microcapsule shell polymer followed by a description of the 

encapsulation process itself. From there, the formation of toothpaste with microcapsules 

is discussed. Finally, the effect of brushing the toothpaste on microcapsule rupture and 

subsequent release of ions is discussed. The imaging techniques used are explained. The 

methods of detection of calcium ions and fluoride ions using potentiometry and the 

detection of phosphate ions using uv-vis spectroscopy are discussed.    

2.1 Materials 
 
 

All of the chemicals that were used for this experiment were purchased through 

Sigma-Aldrich, Fisher Scientific, MP Biomedicals, Fluka, Pharmaco-AAPER, Acros 

Organics and Alfa Aesar. L-Ascorbic acid, ammonium heptamolybdate tetrahydrate, 

potassium antimonyl tartrate trihydrate, ethylene glycol, 1,4-butanediol and 

cyclohexanone were bought from Sigma-Aldrich. Potassium chloride, potassium 

phosphate dibasic and ethyl alcohol (denatured) were purchased through Fisher 

Scientific. Sodium fluoride was purchased from MP Biomedicals. The chemical 

purchased from Fluka was toluene-2,4-diisocyanate. Hexanes came from Pharmaco-

AAPER.  Methyl benzoate and concentrated sulfuric acid were purchased through Acros 

Organics. Calcium nitrate tetrahydrate was bought from Alfa Aesar. The nanopure water 

was generated by a Thermo Scientific Barnstead filtration system. Two other 

commercially available products used in this study were Crest Cavity Protection and 

Amazing Goop contact adhesive and sealant.   
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 The instrumentation used in this study included a custom made toothbrush 

instrument, Tecan Infinite M2000 spectrophotometer, ELIT 201 dual head BNC 

connector with an ELIT 1265 calcium specific electrode, an ELIT 8221 fluoride specific 

electrode, and an ELIT 001N silver chloride reference electrode, Leica S8 APO 

stereomicroscope, Caframo BDC 6015 mixer, Büchi B-490 heating bath, Thermix® 

Stirring Hot Plate Model 210T and a Centrific 228 centrifuge. 

 

2.2 Pre-polymer synthesis 
 
 Three different forms of polyurethanes were synthesized for use in this 

experiment. One of the polyurethanes was made using ethylene glycol. Another used 1,4-

butanediol. The last polyurethane used was PEG 2000 with two different concentrations 

of pentaerythritol. The procedures of making all of the polyurethane pre-polymers were 

similar, as such, only one typical synthesis is described below.  

The synthesis was preformed in a 500 mL, 3-neck round bottom flask with 24/40 

joints. Into the 3-neck flask, a stir bar was added. Two septa were inserted in the left and 

right joints of the flask and secured with copper wire. A flow control valve with vacuum 

grease was inserted into the center neck and secured with a Keck clip. The 3-neck round 

bottom flask was attached to a ring stand and vacuum tubing from the manifold was 

attached to the flow adapter and secured with a hose clamp. The vacuum pump was 

turned on and the vacuum port on the manifold was opened. Next, the flow control valve 

on the 3-neck flask was opened to reduce the pressure in the flask for a minimum of five 

minutes. After this, the 3-neck flask was flame dried with a Bunsen burner for 

approximately two minutes to remove any adventitious water in the flask.  Once the flask 

had cooled back down to room temperature, the flow control valve was closed, then the 
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port on the manifold was closed, and last the vacuum pump was turned off. Next, the 

valve on the inert gas tank, which in this case contained nitrogen or argon, was opened. 

The valve on the manifold for inert gas was opened, followed by opening and closing the 

flow control valve on the 3-neck flask to slowly allow the inert gas into the flask. This 

was done to keep the septa and the flow control valve from shooting out. With the inert 

gas still flowing, a septum was removed and 150 mL of the solvent (cyclohexanone) was 

added with a graduated cylinder. 18 mL of 2,4-tolylene diisocyanate was added using a 

syringe. The septum was then replaced and secured again with copper wire. A syringe 

needle was inserted through one of the septa to relieve the build up of pressure in the 

flask while nitrogen flowed in through the adapter. The solution was stirred for 30 

minutes. The septum was removed and depending on which polyurethane was being 

made, 0.55 mol of the diol (either ethylene glycol or 1,4-butanediol) was added using a 

syringe. The septum was replaced again and secured with the copper wire. The flask was 

then lowered into an oil bath. A degassing needle connected to the manifold was inserted 

through the septum that did not have the syringe needle in it. The degassing needle was 

placed all the way to the bottom of the 3-neck flask. The flow control valve on the flask 

was closed, followed by the valve on the manifold that was supplying the inert gas to the 

flow control valve. The valve on the manifold for the degassing needle was then opened 

and the presence of bubbles in the reaction mixture from the degassing needle showed 

that the inert gas was flowing. An exit needle was placed in the other septum to ensure 

adequate flow of inert gas through the reaction mixture. The mixture was stirred for 

another 30 minutes. After the 30 minutes, the valve on the manifold to the degassing 

needle was shut off, followed by the valve on the inert gas.  The temperature controller 
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on the temperature probe in the oil bath was turned to 80 °C. The degassing needle, and 

then the syringe needle were removed. The reaction was mixed over night.  

 After allowing the diol and diisocyanate to react over night, the flask was 

removed from the oil bath and cooled to room temperature. Once cooled, the solution was 

transferred to a 500 mL one neck round bottom flask with a 24/40 joint. The transfer was 

done through a side neck on the 3-neck flask to avoid contamination with the vacuum 

grease. The stir bar was also transferred over to the new flask. A flow control valve was 

lubricated with vacuum grease and attached to the one neck round bottom flask and 

secured with a Keck clip. The one neck round bottom flask was attached to a ring stand 

and a vacuum line from the cold trap was attached to the flow control valve on the flask. 

The vacuum line was secured with a hose clamp. The Dewar of the cold trap was filled 

up approximately one-third of the way with isopropanol. Dry ice was added to the Dewar 

at a slow rate to cool it down. The cold trap was lubricated with an ample amount of 

silicone grease to keep the two pieces of the cold trap from seizing together. The cold 

trap was submerged into the Dewar and a couple more pieces of dry ice were added. The 

one neck round bottom flask was lowered into the oil bath and the temperature controller 

was set to 100 °C. The one neck round bottom flask and flow control valve were covered 

with glass wool encased in aluminum foil. The top portion of the cold trap was also 

covered. The vacuum pump was turned on and the flow control valve was opened. As the 

solvent in the one neck round bottom flask evaporated it was evacuated out of the flask 

and drawn into the cold trap. In the cold trap, the cyclohexanone condensed and collected 

in the bottom of the trap. The cold trap was emptied about every ten minutes at the 

beginning of the evacuation. To empty the cold trap, the flow control valve on the one 

neck round bottom flask was closed, followed by turning off the vacuum. The cold trap 



$("
"

was then removed from the Dewar. The vacuum line was then disconnected from the top 

of the cold trap and the two pieces of glass of the cold trap were separated.  If the solvent 

was frozen at the bottom of the cold trap, a heat gun was used to melt the solvent and 

transfer it into a collection beaker. The cold trap was then lubricated again, the vacuum 

line was attached, and the trap was lowered back into the Dewar. A few pieces of dry ice 

were added to the Dewar and the vacuum was turned back on. The flow control valve 

was opened on the one neck round bottom flask and evacuation of the solvent continued. 

This process was repeated until there was no solvent seen collecting in the bottom of the 

cold trap. At this point, the pre-polymer was dry and all of the solvent was removed. The 

flow control valve was removed from the one neck round bottom flask. The neck of the 

flask was cleaned to keep grease from contaminating the pre-polymer during the 

collection process. The neck of the flask was cleaned with a Kimwipe wetted with 

hexanes. The Kimwipe was placed over a gloved finger, which would make a twirling 

motion in the neck of the flask to remove all of the grease. Once clean the one neck round 

bottom flask was attached to a ring stand and set at a 45-degree angle with the mouth of 

the flask pointing down. A 20 mL glass scintillation vial was placed right under the neck 

of the flask. The distance between the vial and the mouth of the flask was kept minimal in 

order to collect the entire amount pre-polymer coming out of the neck of the flask. The 

pre-polymer flowed out of the one neck round bottom flask and into the 20mL vial with 

heat provided from a heat gun. Care was used to apply just enough heat to prevent 

decomposition of the pre-polymer. The vials with all of the pre-polymer were properly 

labeled and stored in a cabinet at room temperature until needed.   
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2.3 Oil Solution 
 
 

The oil solution used to make microcapsules was made 24 hours before 

microcapsule synthesis. It consisted of methyl benzoate, an emulsifying agent and one of 

the polyurethane pre-polymers. A stir bar was added and the oil solution mixed for 24 

hours.  

2.4 Salt Solution 
 

Salt solutions that contained either a calcium ion or a phosphate ion were made 

for encapsulation into the microcapsules. A 6 M calcium nitrate salt solution and a 4 M 

potassium phosphate dibasic salt solution were prepared for use in this experiment. Both 

salt solutions were prepared by measuring out the appropriate mass for the targeted 

molarity. Care was taken to wash any residual salt in the weigh boats into an Erlenmeyer 

flask using nanopure water. After all of the calcium nitrate or potassium phosphate 

dibasic had been added to the Erlenmeyer flask, additional nanopure water was added to 

help dissolve the salt solution. The total volume after adding the additional nanopure 

water to the Erlenmeyer flask was less then the desired amount. The salt solution was 

then mixed until it had dissolved completely. The aqueous salt solution was then 

transferred to a volumetric flask. While in the volumetric flask, the correct amount of 

nanopure water was added to get the targeted molarity. The flask was then inverted 10 to 

15 times and if there was a drop in the volume, more nanopure water was added. This 

was repeated, if necessary. The aqueous salt solution was then transferred to a Nalgene 

bottle and stored at room temperature."

 
"
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2.5 Synthesis of Microcapsules 
 

The microcapsules in this experiment were prepared through the use of a reverse 

emulsion. The pre-polymer in the oil solution encapsulates whichever salt solution was 

being injected into the oil solution. As the oil solution is stirred under heat, the aqueous 

phase is dispersed in the oil as small droplets. The polyurethane traps the salt solution 

into microcapsules. The process of encapsulation takes place in a custom made stainless 

steel reactor. The oil phase is first poured into the stainless steel reactor and the mixing 

propeller is placed into the reactor. The lid of the reactor is then slid over the shaft of the 

propeller and tightened to the top of the reactor by three wing nuts. The reactor is placed 

into a Büchi B-490 water bath filled with de-ionized water. The reactor is stabilized by a 

ring stand behind it and an additional one in front of it. When the reactor is placed in the 

water bath, it is placed about an inch above the bottom of the water bath. The water bath 

is set to 70 °C and the reactor is heated for 30 minutes to ensure a uniform heat both 

inside and outside the reactor. While the reactor temperature is equilibrating, the 

propeller shaft can be connected to the Calframo BDC 6015 mixer. The shaft of the 

propeller is inserted into the chuck of the mixer. The blade of the propeller is adjusted to 

sit just slightly off the bottom of the reactor and the chuck of the mixer should be 

adjusted to sit approximately an inch above the top of the reactor.  

Once all the adjustments were made and clamps were tightened, the mixer was 

turned on at a low speed of 50 rpm to test the stability of the system. The mixing was 

paused and the speed was increased by approximately 100 rpm each time until the desired 

rpm was reached. In the case of this experiment, microcapsules were made at 60 rpm, 120 

rpm, 500 rpm, 1,000 rpm and 4,000 rpm.  Once the desired rpm was reached, 110 mL of 

either 4 M potassium phosphate dibasic or 6 M calcium nitrate was added with a Pasteur 
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pipette. The aqueous salt solution was added through the extra opening in the top of the 

reactor. After all of the aqueous salt was added, the opening was plugged with a rubber 

stopper. The solution mixed for 30 minutes and was quenched with 0.05 mol of a diol 

depending on which microcapsules were being synthesized. To add the diol, the rubber 

stopper was removed and the diol was added with a syringe through the opening.  After 

replacing the rubber stopper, the emulsion was mixed for a total of four hours. After four 

hours the mixer was stopped and the reactor was raised out of the water bath and cooled 

to room temperature. All of the microcapsules suspended in methyl benzoate were 

transferred from the reactor into a beaker. From the beaker, the mixture of microcapsules 

suspended in methyl benzoate was transferred into 15 mL centrifuge tubes. 

Approximately 2 mL of hexanes, a low-density solvent, could be added to the top of the 

microcapsule suspension in order to reduce the time of centrifugation. All of the vials 

were centrifuged and stored in a drawer at room temperature. 

2.6 Formulation of Microcapsules into Toothpaste 

 
A targeted amount of Crest Cavity Protection Gel Toothpaste Cool Mint was 

added with a spatula to the bottom of a 20 mL scintillation vial. Either 4 M potassium 

phosphate dibasic and/or 6 M calcium nitrate containing microcapsules were added to the 

top of the toothpaste using a spatula. If both types of microcapsules were used, they were 

kept separated until the experiment. The spatula was cleaned and the solution of 

toothpaste and microcapsules were mixed. Mixing was accomplished by folding over the 

toothpaste on top of the microcapsules. This was done to encase the microcapsules in the 

toothpaste. Care was taken during mixing to avoid rupturing any of the microcapsules.  
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The vial of microcapsules mixed in toothpaste was used for either visualization of rupture 

with the custom made toothbrush instrument or ion detection experiments. 

2.7 Brushing of Microcapsules 
 
 

There were two different ways in which the microcapsules were brushed. The first 

method for brushing the microcapsules used a toothbrush attached to a custom made 

toothbrush instrument (Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

The toothbrush instrument allowed for changing the force and speed being 

applied to the microcapsules during brushing. In this method both microcapsules and 

microcapsules mixed in toothpaste were being brushed. A custom made glass slide box 

(Figure 2) was constructed to fit onto the base of the toothbrush instrument, allowing for 

"
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Figure 1. Toothbrush instrument. Equipment (from left to right) is denoted as follows: power (P), 
frequency control (FC), run and stop (R&S), weight (W), toothbrush (TB), custom made glass slide box 
(GSB). The toothbrush instrument was used to brush toothpaste samples containing ethylene glycol based 
polyurethane microcapsules containing aqueous solutions of either 6 M calcium nitrate or 4 M potassium 
phosphate dibasic. These brushed samples were then observed under a stereomicroscope to determine if the 
microcapsules were being ruptured.  
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Figure 2. Glass slide box for brushing. Equipment (from left to right) is denoted as follows: glass slides 
(GS), stabilization of slide box during brushing (S), grid system (GrS). Small samples of toothpaste 
containing ethylene glycol based polyurethane microcapsules containing either aqueous solutions of 6 M 
calcium nitrate or 4 M potassium phosphate dibasic were applied to the glass slide box. The glass slide 
box was attached to the toothbrush instrument and prepared for brushing. 

either microcapsules or the microcapsules mixed in toothpaste to be placed on the slide 

box and brushed. This method was used to determine if the microcapsules were being 

ruptured upon brushing.   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

The other method of brushing the microcapsules was used for the ion release 

measurements. In this method, one gram total weight of either toothpaste with no 

microcapsules (control), toothpaste with a targeted amount of calcium ion containing 

microcapsules, toothpaste with a targeted amount of phosphate ion containing 

microcapsules or toothpaste with a targeted amount of both calcium ion and phosphate 

ion containing microcapsules was added to a 20 mL scintillation vial. Before brushing 
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occurred, 12 mL of nanopure water was added to the vial. The samples were brushed for 

two minutes and then soaked for an additional two minutes. Aliquots were taken from the 

samples to measure the release of calcium ions, phosphate ions and fluoride ions.  

2.8 Imaging of Microcapsules  
 
 

Images of the microcapsules were obtained on a Leica S8 APO stereomicroscope. 

Images were taken of the calcium ion and phosphate ion containing microcapsules with 

no toothpaste and the microcapsules mixed in toothpaste. A small amount of 

microcapsules without toothpaste was placed onto a glass slide for imaging. When the 

samples were brushed, the glass slide box that the microcapsules were brushed on was 

placed below the microscope and imaged.   

2.9 Ion Release Measurements  
"

2.9a Sampling Method to Determine Ion Concentration   

Samples were collected to determine the concentration of ions released from the 

toothpaste. Calcium ion and fluoride ion concentration was determined using 

potentiometry via ion specific electrodes and phosphate ion concentration was 

determined using uv-vis spectroscopy. The aliquots for ion release measurements were 

collected for both of the brushed and unbrushed samples from the 20 mL scintillation 

vials. For the unbrushed samples, one gram of toothpaste (with and without 

microcapsules) was placed into the 20 mL scintillation vials. 12 mL of nanopure water 

was added to the vials, which soaked for four minutes. After four minutes, five 1 mL 

aliquots were removed from each vial with a micropipette. The aliquots were stored in a 2 

mL microcentrifuge tubes. For the samples that were brushed, the same procedure was 

followed up to the addition of 12 mL of nanopure water. After the nanopure water was 
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added, the samples were brushed for two minutes. After the two minutes of brushing, the 

samples soaked for an additional two minutes. A syringe with a 0.45 !m GHP 

ACRODISC filter and needle attached to it was used to remove five 1 mL aliquots. These 

aliquots were stored in a 2 mL microcentrifuge tubes. 

2.9b Calcium and Fluoride Measurements 

  Calcium and fluoride ion measurements were done using potentiometry. The 

experimental setup used both an ion specific electrode (ISE) and a reference electrode. 

For calcium measurements, an ELIT 1265 calcium specific electrode was used. For 

fluoride measurements, an ELIT 8221 fluoride specific electrode was used. For both the 

calcium and fluoride ions, the reference electrode was an ELIT 001N silver chloride 

reference electrode. To begin measuring the ion concentrations, the ISE (either calcium 

or fluoride) needed to be soaked for 30 minutes in 1,000 ppm solution of calcium or 

fluoride respectively. Four different standards were typically prepared for each of the 

ions. The standards usually consisted of 0.1 ppm, 0.5 ppm, 1 ppm, and 5 ppm. Each 

standard was poured into a labeled 30 mL beaker. The amount of the standard in the 

beaker was approximately 10 mL. A stir bar was added to each beaker to allow for the 

stirring of the standards during measurements.  

After the ISE had been soaked, it was rinsed off with nanopure water and dried 

with a Kimwipe. It was then inserted into the ELIT 201 dual head BNC connector of the 

potentiometry apparatus. The cap on the reference electrode was removed and the 

electrode was rinsed off with nanopure water and dried with a Kimwipe. It was inserted 

into the head of the ELIT 201 dual head BNC connector. As the concentration of the 

samples being measured was unknown, the largest range of standards was used at first 

(0.1 ppm and 5 ppm). Once a reading of the sample was obtained, it was possible to 
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decrease the concentration range of the standards to obtain the most accurate 

measurements.  

The system was always calibrated first. The lowest concentration of the standard 

was placed on top of the stir plate first. It was placed right below both the reference 

electrode and the ISE. The two electrodes were slowly lowered into the standard solution 

and flicked a couple of times to eliminate any air bubbles that might have collected on the 

bottom of the electrodes. The stir setting on the Thermix® Stirring Hot Plate Model 210T 

stir plate was turned to a setting of two, to allow for a slow mix of the standards during 

calibration. 

To begin calibration, the potentiometry icon on the computer was selected. The 

correct ISE was selected from a drop down menu. The calibrate icon was selected on the 

screen and the standard concentration was entered into the first standard box. The read 

icon was selected and the experiment ran for two minutes where the millivolts of the 

standard were measured. After two minutes, the record icon was selected. The electrodes 

were lifted out of the standard and both were dried off with a Kimwipe. The highest 

concentration standard was then placed on the stir plate and the electrodes were lowered 

into the standard. The same steps that were done with the first standard were repeated. 

After the record icon was selected, the finish icon was selected. The computer program 

calculated the slope and if it fell within the accepted range, the unknown samples could 

be measured. The accepted slope for the calcium electrode was 26 ± 3 mV/decade and for 

fluoride it was -54 ± 5 mV/decade.   If the slope was out of range then the process of 

running two standards needed to be repeated until it was within range. If the slope was 

not in range after a few attempts it was best to allow the ion specific electrode to soak for 

a longer period of time.  
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The next step was to prepare the samples for testing. In order to do this, a dilution 

factor needed to be determined to allow the sample to be within the standard range. A 10 

mL volumetric flask was used for dilution. The samples that were stored in the 2 mL 

microcentrifuge tubes were used and anywhere from 2,000 !L down to 60 !L were used. 

Depending on what dilution was to be obtained, that amount of sample was added to the 

volumetric flask. A total ionic strength adjustment buffer (TISAB) solution was added. 

The amount of TISAB differed for both calcium and fluoride. For fluoride, 5 mL 

(50%v/v) of TISAB (total ionic strength adjustment buffer) was added. The TISAB was 

composed of 57 mL of acetic acid, 45 grams of sodium chloride and 4 grams CDTA (1,2-

diamino cyclohexan N,N,N,N-tetraacetic acid) dissolved in 500 mL distilled water. The 

pH of the buffer solution was adjusted to 5.5 using 5.0 M NaOH, one drop at a time. The 

volume was increased to one liter using nanopure water. For calcium, 200 !L (2%v/v) of 

4 M potassium chloride was added. The remaining volume in the volumetric flask was 

filled with nanopure water; this was done with a Pasteur pipette. The volumetric flask 

was capped off and the mixture was inverted ten times to mix it. Then it was transferred 

into a 30 mL beaker with a stir bar.  

Once the samples were prepared, measurement commenced on the potentiostat. If 

more than a couple of minutes passed since the slope had been calculated from the 

standards, the slope was measured again. The electrodes were placed into the beaker with 

the sample mixture and flicked to remove any air bubbles. This time the measure icon 

was selected and the measurement ran for two minutes. After two minutes, the millivolts 

reading was recorded and the ppm value was calculated. From those values it was 

possible to calculate the actual ppm. In order to do this, the Nernst equation was used, 

Ecell=Eo
cell-(RT/nF)lnQ. In our case we revised the equation to read, Ecell=Eo

cell-
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(2.303*RT/nF)logQ.  Ecell represents the cell potential and Eo
cell represents the standard 

cell potential. The equation can be reworked into the form of y=mx+b where y=Ecell 

(millivolts), b=Eo
cell (y-intercept), x=logQ  (log[Ca2+] or log[F-], m=RT/nF (slope).  In 

other words, mV= y-intercept + (slope)(log[ion]).  

The y-intercept was calculated first using the millivolts, slope, and log[ion] of the 

standard measurements. Since there were two ion concentrations from the two standards 

used, either one could be applied to calculate the y-intercept. The calculated ppm for the 

sample was calculated using the y-intercept and slope obtained from the standards and 

the millivolts from the slope. To calculate the actual ppm, the computed ppm needed to 

be multiplied by the dilution factor. All of the measurements were preformed in triplicate. 

2.9c Phosphate Measurements 

The phosphate ion measurements were based on the molybdenum blue method 

using uv-vis spectroscopy.32 The phosphate measurements were performed on a Tecan 

Infinite M200. A method was created to measure the phosphate ion concentration in the 

unknown samples. An already existing method was used for this study. The method that 

was selected had already been developed for the use of a Corning 48 well plate. The 

method included a kinetic cycle that would run for 20 minutes with 60 seconds of 

shaking with an amplitude of 6 mm between absorbance readings and an absorbance 

reading of 882 nm.  The 882 nm was used because that is the maximum absorption for 

the molybdenum complex.   

The molybdenum blue method required the preparation of a mixed reagent. The 

mixed reagent was prepared from 10 mL of 2.5 M H2SO4, 6 mL ascorbic acid, 3 mL 

ammonium heptamolybdate, and 1 mL potassium antimonyl tartrate trihydrate. The 

mixed reagent was stored in a 50 mL Erlenmeyer flask wrapped in a piece of aluminum 
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foil. Before the mixed reagent was added to the wells of the well plate, the blanks, 

standards and samples were first added. 750 !L of nanopure water was added for the 

blanks. 750 !L of each of the standards were added. The amount of sample added 

depended on the dilution factor being used. For example, if a 1 in 150 dilution was done, 

5 !L of the sample was added and 745 !L of nanopure water was also added (each 

sample measurement was preformed in triplicate).  Once all of the samples were pipetted 

into their wells, 150 !L of the mixed reagent was added to each well. 

After the blanks, standards, unknown samples and mixed reagent were added to 

the well plate, a plate cover was placed on top of the well plate to prevent evaporation. 

The well plate was then placed into the Tecan Infinite M200. The start icon was selected 

to being the phosphate measurements. Before the process could begin, the method and 

sample ID created previously needed to be selected in the “select a file” menu and a 

workspace file name needed to be made to save the results from the phosphate 

measurements. The run icon was selected and the measurements commenced. Upon 

completion, the results were analyzed. The standard curve of the data was checked first to 

make sure that an R-value of greater than 0.999 was obtained. If it was greater than 

0.999, then the results were exported to Excel, where the ppm for each unknown sample 

was calculated.       

"
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CHAPTER 3 

______________________________________ 

RESULTS 
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In order to promote remineralization and prevent demineralization of the tooth 

surface, bioavailable calcium, phosphate and fluoride ions should be present in the oral 

environment. One potential way to accomplish this is through the use of toothpaste 

containing bioavailable calcium, phosphate, and fluoride ions. This study focused on the 

addition of microcapsules containing aqueous solutions of bioavailable calcium and 

phosphate ions to toothpaste already containing fluoride salt. Aqueous salt solutions of 

calcium nitrate and potassium phosphate dibasic were encapsulated into microcapsules 

through the use of reverse emulsions and mixed into Crest® Cavity Protection Toothpaste 

in specific weight percentages. The rupturing of the microcapsules was studied along 

with the available concentration of calcium ions, fluoride ions and phosphate ions upon 

brushing. All of the available ion concentrations were reported in part per million (ppm) 

per gram of toothpaste formulation. 

3.1 Microcapsule Stability and Size 
 

The stability and size of the microcapsules composed of three different 

polyurethane shells were studied. PEG 2000 with two different concentrations of 

pentaerythritol was examined first. Both compositions of the PEG 2000 pentaerythritol 

based polyurethane were used to synthesize microcapsules at mixing speeds of 60, 120, 

500, 1,000, and 4,000 rpm. All of the reactions were conducted at a temperature of 45 °C 

and 70 °C. Ethylene glycol based polyurethane was examined next. Microcapsules were 

synthesized with this polymer at mixing speeds of 60, 120, 500, 1,000, and 4,000 rpm at 

70 °C. 1,4-butanediol based polyurethane was the last chemical structure variation 

studied. Microcapsules were synthesized at 1,000 rpm at 70 °C using this polyurethane.  
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3.2 Microcapsule Imaging  
 

Imaging of the microcapsules was done using a Leica S8 APO stereomicroscope. 

The microcapsules, which were suspended in the methyl benzoate, were transferred from 

a beaker using a Pasteur pipette onto a glass slide. Figure 3 shows calcium containing 

microcapsules suspended in methyl benzoate on a glass slide.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When the microcapsules were mixed into the toothpaste, they were first 

centrifuged in 15 mL centrifuge tubes. Microcapsules were transferred into a 20 mL 

Figure 3: Microcapsules with encapsulated aqueous calcium nitrate salt on a glass slide. On the 
glass slide are ethylene glycol based polyurethane microcapsules containing an aqueous solution of 6 
M calcium nitrate that are suspended in methyl benzoate.  
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scintillation vial with a spatula, which already contained toothpaste. The toothpaste and 

microcapsules were mixed together and a small amount was spread thin on a glass slide. 

Figure 4 shows the image of a 5 wt% calcium containing microcapsule formulation 

within toothpaste. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Microcapsules with encapsulated aqueous calcium nitrate salt mixed in toothpaste.  
Hydrated Silica (HS), Microcapsules (MC). An image generated by a stereomicroscope showing 
toothpaste formulation with 5 wt% of ethylene glycol based polyurethane microcapsules containing 
an aqueous solution of 6 M calcium nitrate solution.    

MC 

HS 
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3.3 Brushing Microcapsules 
 

The microcapsules were brushed on a custom glass slide box using a custom 

made toothbrush instrument. A toothpaste formulation consisting of 5 wt% calcium 

containing microcapsules and 95 wt% toothpaste for a total weight of one gram was 

applied to the glass slide box. Figure 5 shows the toothpaste formulation before and after 

brushing.  
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Figure 5: Before and after images of brushed toothpaste samples with microcapsules. (Top) 
Before brushing, (Bottom) After brushing. Hydrated Silica (HS), Microcapsules (MC). In the top 
image taken on a stereomicroscope, a picture of the toothpaste formulation containing 5 wt% 
ethylene glycol based polyurethane microcapsules containing an aqueous solution of 6 M calcium 
nitrate as applied to the glass slide box is shown. In the bottom image, the same sample that was 
brushed is shown. Most of the microcapsules appeared to be ruptured in this image.  
"
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During the brushing process, the toothbrush instrument was set to a speed of 100, 

which translated to a frequency of approximately one stroke of the toothbrush per second. 

A force was applied to the toothpaste during brushing with a mass attachment that was 

155 grams. The toothpaste was brushed for just three seconds in order to keep some 

brushed sample available for spectroscopic examination on the slide. In the brushed 

image there is a small area where some non-ruptured microcapsules can be seen. Images 

of the toothbrush bristles were also taken after brushing was done (Figure 6).  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Toothbrush bristles after brushing toothpaste formulation containing microcapsules.  
Microcapsule shell (MS).  Image of toothbrush bristles after brushing a toothpaste formulation that 
contained 5 wt% of ethylene glycol based polyurethane microcapsules with an aqueous solution of 
6 M calcium nitrate solution. A microcapsule shell from a ruptured microcapsule is shown in the 
upper left hand corner of the image.      

./"
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3.4 Calcium Ion Release 
 

The release of calcium ions was studied using potentiometry. Every sample that 

was studied consisted of one gram total weight of toothpaste formulated with or without 

microcapsules. Therefore all concentrations reported in ppm assume ppm of ion release 

per gram of toothpaste formulation. 

The three formulations studied contained: (a) 100 wt% toothpaste, (b) 5 wt% of 

ethylene glycol based polyurethane microcapsules containing aqueous solutions of 6 M 

calcium nitrate, and (c) 5 wt% of ethylene glycol polyurethane microcapsules containing 

aqueous solutions of 6 M calcium nitrate and 5 wt% of ethylene glycol based 

polyurethane microcapsules containing aqueous solutions of 4 M potassium phosphate 

dibasic. The release of calcium ions from the two formulations containing microcapsules 

was examined and reported in Table 1 for both brushed and unbrushed samples.  

Additionally, Table 1 reports a control where no microcapsules were incorporated in the 

toothpaste. This control provides the baseline calcium ion concentration released from the 

Crest® Cavity Protection Toothpaste as purchased from the store.   

Formulations Unbrushed Samples 
(ppm calcium ion released/ gram  

of toothpaste formulation) 

Brushed Samples 
(ppm calcium ion released/ gram 

of toothpaste formulation) 
100 wt% Toothpaste 0.0  0.1  

95 wt% Toothpaste 
5 wt% Calcium microcapsules 

 

3.8  370  

90 wt% Toothpaste 
5 wt% Calcium microcapsules 

5 wt% Phosphate microcapsules 

2.6  100  

Table 1: Calcium ion release for unbrushed and brushed samples. Table 1 reports the release of 
calcium ions from unbrushed and brushed samples of three different toothpaste formulations in ppm per 
gram of toothpaste formulation. The first formulation consisted of toothpaste with no microcapsules, the 
second formulation consisted of 95 wt% toothpaste and 5 wt% ethylene glycol based polyurethane 
microcapsules containing aqueous 6 M calcium nitrate salt solution and the third formulation consisted of 
90 wt% toothpaste, 5 wt% ethylene glycol based polyurethane microcapsules containing aqueous 6 M 
calcium nitrate salt solution and 5 wt% ethylene glycol based polyurethane microcapsules containing 
aqueous 4 M potassium phosphate dibasic salt solution. 
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From Table 1 it is possible to see the release of calcium ions from the store 

bought toothpaste is 0 ppm for unbrushed samples and 0.1 ppm for brushed samples. 

When 5 wt% of the calcium ion containing microcapsules were added to the toothpaste, 

the release of calcium ions was 3.8 ppm for unbrushed samples and increases to 370 ppm 

for the brushed samples. With both the 5 wt% calcium ion containing microcapsules and 

5 wt% phosphate ion containing microcapsules the release of calcium ions was 2.6 ppm 

for the unbrushed samples and 100 ppm for the brushed samples  

3.5 Fluoride Ion Release 

The release of fluoride ions was studied using potentiometry. Just like the samples 

for calcium ion release, all of these samples consisted of one-gram total weight of 

toothpaste formulated with or without microcapsules. The four formulations studied 

contained: (a) 100 wt% toothpaste, (b) 5 wt% of ethylene glycol based polyurethane 

microcapsules containing aqueous solutions of 6 M calcium nitrate, (c) 5wt% of ethylene 

glycol based polyurethane microcapsules containing aqueous solutions of 4 M potassium 

phosphate dibasic, and (d) 5wt% of ethylene glycol based polyurethane microcapsules 

containing aqueous solutions of 6 M calcium nitrate and 5wt% of ethylene glycol based 

polyurethane microcapsules containing aqueous solutions of 4 M potassium phosphate 

dibasic. The release of fluoride ions is reported in Table 2 for both brushed and 

unbrushed samples. Again, control samples with no microcapsules incorporated into the 

toothpaste were reported. This reported the fluoride ion concentration released from the 

Crest® Cavity Protection Toothpaste as purchased from the store.   
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Formulations Unbrushed Samples 
(ppm fluoride ion released/ gram 

of toothpaste formulation) 

Brushed Samples 
(ppm fluoride ion released/ gram 

of toothpaste formulation) 
100 wt% Toothpaste 2.8  63  

95 wt% Toothpaste 
5 wt% Calcium microcapsules 

 

1.1  50.3  

95 wt% Toothpaste 
5 wt% Phosphate microcapsules 

 

0.8  69.8  

90 wt% Toothpaste 
5 wt% Calcium microcapsules 

5 wt% Phosphate microcapsules 

0.5  38.3  

Table 2: Fluoride ion release for unbrushed and brushed samples. Table 2 reports the release of 
fluoride ions from unbrushed and brushed samples of four different toothpaste formulations in ppm per 
gram of toothpaste formulation. The first formulation consisted of toothpaste with no microcapsules, the 
second formulation consisted of 95 wt% toothpaste and 5 wt% ethylene glycol based polyurethane 
microcapsules containing aqueous 6 M calcium nitrate salt solution, the third formulation consisted of 95 
wt% toothpaste and 5 wt% ethylene glycol based polyurethane microcapsules containing aqueous 4 M 
potassium phosphate dibasic salt solution and the forth formulation consisted of 90 wt% toothpaste, 5 wt% 
ethylene glycol based polyurethane microcapsules containing aqueous 6 M calcium nitrate salt solution and 
5 wt% ethylene glycol based polyurethane microcapsules containing aqueous 4 M potassium phosphate 
dibasic salt solution.  

$

Table 2 reports the release of the fluoride ions from the samples studied. For the 

control samples that were 100 wt% toothpaste with no microcapsules mixed in, the 

release of fluoride ions was 2.8 ppm for unbrushed samples and 63 ppm for brushed 

samples. When the samples were 95 wt% toothpaste with 5 wt% calcium ion containing 

microcapsules, the ppm released for the unbrushed samples were 1.1 ppm and 50.3 ppm 

for the brushed samples. When the samples consist of 95 wt% toothpaste and 5 wt% 

phosphate ion containing microcapsules, the unbrushed samples released 0.8 ppm and the 

brushed samples released 69.8 ppm. The samples that contained 90 wt% toothpaste, 5 

wt% calcium ion containing microcapsules and 5 wt% phosphate ion containing 

microcapsules released 0.5 ppm for the unbrushed samples and 38.3 ppm for the brushed 

samples.  
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3.5 Phosphate Ion Release 

The release of phosphate ions was measured using the molybdenum blue method 

by uv-vis spectroscopy.32 The phosphate ions released from unbrushed and brushed 

samples is reported in Table 3. Similar to the calcium and fluoride measurements, the 

samples consisted of: (a) 100 wt% toothpaste, (b) 5 wt% of ethylene glycol based 

polyurethane microcapsules containing aqueous solutions of 4 M potassium phosphate 

dibasic, and (c) 5 wt% of ethylene glycol based polyurethane microcapsules containing 

aqueous solutions of 6 M calcium nitrate and 5 wt% of ethylene glycol based 

polyurethane microcapsules containing aqueous solutions of 4 M potassium phosphate 

dibasic.  

Formulations Unbrushed Samples 
(ppm phosphate ion released/ 

gram of toothpaste formulation) 

Brushed Samples 
(ppm phosphate ion released/ 

gram of toothpaste formulation) 
100 wt% Toothpaste 2.2  7.9  

95 wt% Toothpaste 
5 wt% Phosphate microcapsules 

 

37.9  1351.5  

90 wt% Toothpaste 
5 wt% Phosphate microcapsules 
5 wt% Calcium microcapsules 

38.3  934.6  

Table 3: Phosphate ion release for unbrushed and brushed samples. Table 3 reports the release of 
phosphate ions from unbrushed and brushed samples of three different toothpaste formulations in ppm per 
gram of toothpaste formulation. The first formulation consisted of toothpaste with no microcapsules, the 
second formulation consisted of 95 wt% toothpaste and 5 wt% ethylene glycol based polyurethane 
microcapsules containing aqueous 4 M potassium phosphate dibasic salt solution and the third formulation 
consisted of 90 wt% toothpaste, 5 wt% ethylene glycol based polyurethane microcapsules containing 
aqueous 4 M potassium phosphate dibasic salt solution and 5 wt% ethylene glycol based polyurethane 
microcapsules containing aqueous 6 M calcium nitrate salt solution.  

$

When the 100 wt% toothpaste formulation was studied, 2.2 ppm of phosphate ion 

was released from the unbrushed samples and 7.9 ppm was released from the brushed 

samples. Once 5 wt% phosphate ion containing microcapsules were added to the 

toothpaste, 37.9 ppm was released from the unbrushed samples and 1,351 ppm was 

released from the brushed samples. When 5 wt% phosphate ion containing microcapsules 
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and 5 wt% calcium ion containing microcapsules were added to the toothpaste, the 

released amount of phosphate ions was 38.3 ppm for the unbrushed samples and 934.6 

ppm for the brushed samples.   
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CHAPTER 4 
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78!:" :7C4=" !:" 72" ?44";!2?#?!<?;<5" B?<B!C>"?14"982:98?75" !21:" 72" 722789?:75D"G8!B8"

?<35?4="B217?!1:"6<C23!45"?:"?1"?B7!#5"!1H354!517E""

01"23453"72"?44";!2?#?!<?;<5"B?<B!C>"?14"982:98?75"!21:"72"785"722789?:75D"?"

35#53:5"5>C<:!21"932B5::"72">?A5">!B32B?9:C<5:"G?:"C:54E"KLC52C:":?<7":2<C7!21:"

26" )" ." B?<B!C>" 1!73?75" ?14" '" ." 927?::!C>" 982:98?75" 4!;?:!B" G535" 51B?9:C<?754"

C:!1H" three different polyurethane shells. Microcapsules that survived formulation but 

ruptured upon brushing were requirements for this concept to work. Variables that were 

explored to meet these criteria included, different speeds of mixing during synthesis, 

temperature of the reaction, and chemical structure of the microcapsule shell.  

A wide variety of microcapsules were successfully prepared. These microcapsules 

were prepared from two different PEG based polyurethanes, one ethylene glycol based 

polyurethane and one butanediol based polyurethane chemical structure. The 

microcapsules were stored for at least a week to determine if they were stable under these 

synthetic conditions. It was found that although the PEG based microcapsules could be 

formed, they were not as stable as the ethylene glycol and butanediol based 

microcapsules under the conditions they were synthesized and stored. This was 

determined by simple light microscopy. From there, the microcapsules were formulated 
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into toothpaste with ethylene glycol and butanediol based microcapsules. For the 

formulation work, we focused on the ethylene glycol based microcapsules. During 

formulation, it became evident that the 1,000 rpm samples with an approximate size 

range of 30-70 micrometers were the easiest to work with the formulation technology 

available for this study.   

F1B5"785"?993293!?75">!B32B?9:C<5:"G535"!4517!6!54"623"2C3":7C4=D"35<5?:5"26"

!21:"632>"785">!B32B?9:C<5:"C921";3C:8!1H"G?:"45753>!154E"K"722789?:75">!M7C35"

B21:!:7!1H"26"("G7N"B?<B!C>"!21"B217?!1!1H">!B32B?9:C<5:"G?:">!M54"!172"785"Crest® 

Cavity Protection Cool Mint Gel Toothpaste. J85" 6!3:7" 75:7" B214CB754" 21" 785"

722789?:75">!M7C35"G?:"?"3C97C35"75:7E"01"23453"623"785"B?<B!C>"?14"982:98?75"!21:"

72";5B2>5"?#?!<?;<5D"785":85<<"26"785">!B32B?9:C<5"155454"72";5"3C97C354E"J2"75:7"!6"

785" >!B32B?9:C<5:" G535" 3C97C3!1H" C921" ;3C:8!1H" ?" BC:72>" >?45" 72278;3C:8"

!1:73C>517"G?:" C:54E" K" :>?<<" ?>2C17" 26" 785" 722789?:75">!M7C35"G?:" ?99<!54" 72" ?"

BC:72>" >?45" H<?::" :<!45" ;2M" ?14" ?77?B854" 72" 785" BC:72>" >?45" 72278;3C:8"

!1:73C>517E" J85" !1:73C>517" G?:" :57" C9" ?14" 785" ;3C:8!1H" <?:754" 623" 21<=" 78355"

:5B214:D"G8!B8"G23A54"2C7"72"?;2C7"78355":732A5:"26"785"72278;3C:8E"J85"722789?:75"

G?:" ;3C:854" 623" 21<=" 78355" :732A5:" ;5B?C:5" !7" ?<<2G54" 623" !>?H!1H" 26" 785" 35:C<7E"

O21H53"953!24:"26" ;3C:8!1H" 35:C<754" !1" ?<>2:7" 785" 517!35" 722789?:75" :?>9<5";5!1H"

35>2#54"632>"785":C36?B5"26"785":<!45";2MD"G8!B8">?45"!7"4!66!BC<7"72"!>?H5"G8?7"G?:"

<567E"07"G?:"4!:B2#5354"78?7"78355";3C:8":732A5:"G535":C66!B!517"72"3C97C35"?<>2:7"?<<"

26"785">!B32B?9:C<5:"!1"785"6!5<4"26"#!5G"26"785">!B32:B295E"K6753"785"78355":5B214:"

26" ;3C:8!1HD" 785";3C:854" :?>9<5:"G535" !>?H54"21" ?" :75352>!B32:B295" ?14"215"26"

785"35:C<7:"G?:"35923754"!1"P!HC35"(E" 01"78!:"P!HC35" !7" !:"B<5?3"78?7"?<>2:7"?<<"26" 785"

>!B32B?9:C<5:"G535"3C97C354E"J8535"!:"?":>?<<"B<C:753"26">!B32B?9:C<5:"78?7":55>"72"
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127"8?#5"3C97C354E"F15"92::!;<5"35?:21"785:5">!B32B?9:C<5:"4!4"127"3C97C35"B2C<4"

8?#5";551"78?7"785="G535"<2B?754"21"785"2C753"9?37"26"785";3C:8!1H"?35?"G8535"<5::"

;3!:7<5:" 632>" 785" 72278;3C:8" >?45" B217?B7" G!78" 785>E" Q#51" 782CH8" ?" 65G" 26" 785"

>!B32B?9:C<5:"4!4"127"3C97C35"!1"78!:"6!5<4"26"#!5G"21"785"H<?::":<!45";2MD"!7"!:"B<5?3"

78?7"785"#?:7">?R23!7="26">!B32B?9:C<5:"2#53"785"G82<5":?>9<5";3C:854"21"785"H<?::"

:<!45";2M"4!4"3C97C35E""

K6753" ?" #!:C?<" B216!3>?7!21" 26" 785" 3C97C3!1H" 26" 785" >!B32B?9:C<5:" G?:"

2;7?!154D" ?" 75B81!LC5" G?:" C:54" 72" >5?:C35" 785" B21B5173?7!21" 26" ;!2?#?!<?;<5"

B?<B!C>" ?14" 982:98?75" !21:" ;5!1H" 35<5?:54" C921" 3C97C35E" K<21H" G!78" 785"

B21B5173?7!21"26"B?<B!C>"?14"982:98?75"!21:D"785"B21B5173?7!21"26"6<C23!45"!21:"G?:"

>5?:C354" 722E" J2" 5M?>!15" 785" B21B5173?7!21" 26" 6<C23!45" ?14" B?<B!C>" !21:D"

927517!2>573=" G?:" C:54" ?14" 785" B21B5173?7!21:" 26" 785" 7G2" !21:" G?:" 35923754" !1"

9?37:"953">!<<!21"S99>T"953"H3?>"26"722789?:75"623>C<?7!21E"J85"35<5?:5"26"B?<B!C>"

!21:"G?:":7C4!54"6!3:7E""

J22789?:75" 623>C<?7!21:" B21:!:7!1H" 26" 215" H3?>" 26" 722789?:75" G!78" 12"

>!B32B?9:C<5:D" 215" H3?>" 26" ,(" G7N" 722789?:75" ?14" (" G7N" B?<B!C>" B217?!1!1H"

>!B32B?9:C<5:" ?14" 215" H3?>" 26" ,-" G7N" 722789?:75D" (" G7N" B?<B!C>" B217?!1!1H"

>!B32B?9:C<5:" ?14" (" G7N" 982:98?75" B217?!1!1H" >!B32B?9:C<5:" G535" :7C4!54E"

J85356235"?<<"99>"26"!21:"35<5?:54"!:"953"H3?>"26"722789?:75"623>C<?7!21""

""K:" ?" B21732<D" 785" 215" H3?>"26" toothpaste with no microcapsules that was not 

brushed released 0.0 ppm calcium ions. When the same amount of toothpaste was 

brushed, it released 0.1 ppm calcium ions. As the toothpaste had no calcium ion 

containing microcapsules mixed into it, it was expected that the control would have 

practically no calcium ions released from it. The small amount seen in the brushed 
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sample is negligible and could be accounted for by an ingredient present in low levels of 

the toothpaste (e.g. the water source). When 5 wt% of calcium containing microcapsules 

was added to the toothpaste, the release of calcium ions increased significantly. When the 

samples were brushed, the calcium ion concentration released increased to 370 ppm. 

When the samples were not brushed, the release of calcium ion was 3.8 ppm. One 

explanation for the 3.8 ppm calcium ion being released prior to brushing was the transfer 

and mixing process. The microcapsules were transferred from the 15 mL centrifuge tube 

with a spatula into the 20 mL scintillation vial. The scintillation vial already had the 95 

wt% toothpaste in it. The layer of toothpaste on the bottom of the vial allowed for the 

calcium microcapsules to be placed on top of the toothpaste and gently fold over with the 

spatula into the toothpaste to mix the microcapsules in. This process at the moment is 

rudimentary and there is the possibility of rupturing a few microcapsules during the 

process. If the release of 3.8 ppm calcium ions is from handling, this is something that 

ideally could be eliminated with a more refined way of formulating the microcapsules 

into the toothpaste. "

The calcium ion release was also measured for a formulation that contained both 

5 wt% calcium ion containing microcapsules and 5 wt% phosphate ion containing 

microcapsules. When these samples were not brushed, the release of calcium ions was 2.6 

ppm. Again the handling and mixing of the microcapsules can explain the release of 

calcium ions in the unbrushed samples. When the samples were brushed, the release of 

calcium ions was 100 ppm. As phosphate ions were present in the toothpaste mixture, it 

is possible that calcium ions and phosphate ions precipitated a calcium phosphate salt. 

The calcium phosphate salt would reduce the release of calcium ions compared to the 

toothpaste formulation, which contained only calcium microcapsules. The drop in 
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bioavailable calcium is actually expected if the calcium and phosphate ions are 

precipitating calcium phosphate salts. The calcium phosphate salts could additionally 

lead to remineralization, which would be benificial.21  

J85" 35<5?:5" 26" 6<C23!45" !21:"G?:" :7C4!54"15M7E" J85" 722789?:75"C:54" ?<35?4="

B217?!154" 6<C23!45" !1" 785" 623>" 26" :24!C>" 6<C23!45E" 07" !:" !>9237?17" 72" >?!17?!1" ?"

B<!1!B?<<="35<5#?17"<5#5<"26";!2?#?!<?;<5"6<C23!45"!21:E"J85"5M?>!1?7!21"26"6<C23!45"!1"

78!:":7C4="G?:"72"932#5"78?7"6<C23!45"G?:":7!<<";!2?#?!<?;<5"5#51"G!78"785"?44!7!21"26"

785"B?<B!C>"B217?!1!1H">!B32B?9:C<5:E""J2"H57"?";?:5<!15"35?4!1H"26"785"6<C23!45"!21:"

35<5?:54" 632>" 785" Crest® Cavity Protection Cool Mint Gel Toothpaste being used, 

samples consisting of one gram of toothpaste with no microcapsules were used. In the 

unbrushed samples, 2.8 ppm of fluoride ions was released. In the brushed samples, 63 

ppm of fluoride ions was released. The fluoride being released from the unbrushed 

samples were from the sodium fluoride salts present in the toothpaste formulation 

dissolving into the nanopure water. The 63 ppm of fluoride ions release from the brushed 

samples provided a base line for the approximate amount of fluoride ions released by the 

toothpaste without any microcapsules formulated into it for our experimental procedure. 

The next formulation studied contained 95 wt% toothpaste and 5 wt% calcium containing 

microcapsules. The unbrushed samples of this formulation released 1.1 ppm of fluoride 

ions. The brushed samples released 50.3 ppm fluoride ions. While the amount of fluoride 

ions released form the brushed samples in this toothpaste formulation was less than the 

toothpaste without any microcapsules, there was 5 wt% less toothpaste in this sample 

than in the sample with just toothpaste. This is one possible reason for the drop in the 

release of fluoride ions. It is also possible that a small amount of the fluoride ions could 

be precipitating with the calcium ions forming a calcium fluoride precipitate. A small 
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reduction in bioavailable fluoride is likely acceptable if the drop is due to the 

precipitation of calcium fluoride salts. Calcium fluoride deposits in the mouth are very 

beneficial for the slow release of fluoride because of the low solubility of calcium 

fluoride. Calcium fluoride precipitates are likely to promote longer term fluoridation in 

the oral environment.33 Additionally, toothpaste could be manufactured with slightly 

more sodium fluoride salt to offset this change.     

The toothpaste formulation consisting of 95 wt% toothpaste and 5 wt% phosphate 

containing microcapsules, the unbrushed samples released 0.8 ppm of fluoride ions and 

the brushed samples released 69.8 ppm of fluoride ions. Statistically, the release of 

fluoride ions from the brushed samples remained approximately the same in the presence 

of phosphate ion containing microcapsules compared to the toothpaste with no 

microcapsules. This is not surprising as there should be no precipitation between the 

potassium phosphate dibasic and the sodium fluoride salts. The last formulation consisted 

of 90 wt% toothpaste, 5 wt% calcium ion containing microcapsules and 5 wt% phosphate 

ion containing microcapsules. The unbrushed samples of this formulation released 0.5 

ppm of fluoride ions. The brushed samples released 38.3 ppm of fluoride ions. In this 

case, there is 10% less toothpaste present in the formulation compared to the control, 

which can account for some of the reduced concentration of fluoride ions released. Also, 

calcium fluoride precipitates could explain the decrease in fluoride ions released that is 

observed. If this is the case, calcium fluoride precipitates could be beneficial for 

remineralization.   

The release of phosphate ions from the toothpaste formulations was also studied. 

This was accomplished using the molybdenum blue method by uv-vis spectroscopy.32 

The first formulations examined were the control samples consisting of one gram of 
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toothpaste with no microcapsules. The unbrushed samples released 2.2 ppm of phosphate 

ions and the brushed samples released 7.9 ppm of phosphate ions. The small amount of 

phosphate ions released from the toothpaste containing no microcapsules could be 

accounted for by the trisodium phosphate or sodium phosphate, that are listed as 

ingredients in the toothpaste. When the samples contained 95 wt% toothpaste and 5 wt% 

phosphate containing microcapsules, the release of phosphate ions for the unbrushed 

samples was 37.9 ppm. When the samples were brushed, the release of phosphate ions 

was 1,351.5 ppm. Just like the release of calcium ions from the unbrushed samples, the 

handling and mixing process probably accounts for the release of some small amount of 

phosphate ions from the unbrushed samples. It does not seem like a large amount of the 

microcapsules are being ruptured in the handling and mixing process as the brushed 

samples are still releasing over 35 times the mount of phosphate ions compared to the 

unbrushed samples. The toothpaste formulation consisting of 90 wt% toothpaste, 5 wt% 

calcium containing microcapsules and 5 wt% phosphate containing microcapsules 

released 38.3 ppm of phosphate ions for the unbrushed samples and 934.6 ppm of 

phosphate ions for the brushed samples. The release of less phosphate ions from this 

formulation compared to the formulation of toothpaste without calcium ion containing 

microcapsules can be explained by the possibility of calcium ions precipitating with the 

phosphate ions. This would result in an apparent reduction in the concentration of 

phosphate ions being released. This is promising as phosphate ions are still being released 

at a very large concentration, which would prevent demineralization while the calcium 

phosphate precipitates could promote remineralization.21 

Through this study it has been demonstrated that the addition of calcium and 

phosphate containing microcapsules to toothpaste that already contains fluoride leads to 
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the release of bioavailable calcium, phosphate and fluoride ions upon brushing. These 

three ions have the potential to push the equilibrium towards remineralization and away 

from the demineralization process.  
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