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Abstract 

Tooth decay is a significant oral health challenge. Demineralization occurs in an 

acidic environment and can be further accentuated by the presence of acid producing 

cariogenic bacteria. As the pH decreases, the salivary fluid becomes undersaturated with 

calcium and phosphate ions, resulting in these ions being leached out from the enamel. 

Remineralization is promoted in an environment with a pH above 5.5 in the salivary 

fluid, especially when the saliva is supersaturated with calcium and phosphate ions.  

 This research was conducted to provide a method for the release of bioavailable 

calcium, phosphate, and fluoride ions into the oral environment in a way that can be 

included in a variety of dentifrices. To accomplish this, ion permeable microcapsules 

were synthesized that incorporated aqueous solutions of solvated calcium, phosphate or 

fluoride ions. It is hypothesized that the incorporation of these microcapsules into a resin 

varnish can provide a method for controlled release of bioavailable ions. The variables 

that effected the rate of ion release were studied as a function of changing the chemical 

structure of the microcapsules, the identity of the salt, initial salt concentration in the 

microcapsules and w/w% loading of the microcapsules in the varnish. It was found that 

1,4-butanediol based microcapsules released at a greater rate that the ethylene glycol 

based microcapsules. The phosphate ion was released quickest from the resin varnish 

formulation followed by calcium and lastly fluoride. The rate of phosphate ion release 

increased at a rate greater than expected as the w/w% loading of the resin based varnish 

increased. During the first week, the highest rate of ion release was not from the highest 

initial concentration studied. After the first week, the rate of phosphate ion release 

increased as the initial salt concentration in the microcapsules increased. The data from 
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these results demonstrates that ion permeable microcapsule incorporation into a dentrifice 

is a promising approach for promoting remineralization in the oral environment.!
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1.1 Enamel Composition  

Despite being the hardest substance in the human body, enamel is still susceptible 

to decay, which if left unimpeded ultimately results in the loss of the tooth. Enamel is 

composed of up to 97% inorganic material in the form of hydroxyapatite (HAP) and is 

arranged in a crystalline lattice.1 HAP is insoluble at alkaline and neutral pH but becomes 

increasingly more soluble as pH is lowered. The lattice is arranged in interlocking rods 

that extend from the dentin enamel junction (DEJ) to the external tooth surface. An issue 

with HAP is that it often incorporates trace elements, such as fluoride, and chloride, 

which can replace the hydroxyl group. It can also incorporate carbonate, which can 

replace a hydroxyl group or a phosphate group. Carbonate substitution causes a 

disruption in the crystalline structure leading to a defect.2 If carbonate is present in 

excess, the enamel has a higher degree of crystalline defects leaving it more susceptible 

to acidic-based decay when compared to calcium hydroxyapatite and 

fluorohydroxyapatite (FAP).3 Carbonated HAP is known to have a higher Ksp than HAP. 

1.2 Saliva and Salivary Pellicle 

Even though enamel is susceptible to decay, the human body does have a 

significant natural defense in the form of saliva and the salivary pellicle.4 Saliva acts as a 

buffer solution that is naturally saturated with calcium and phosphate ions. The presence 

of these ions in saliva aids in the reduction of the kinetics of enamel dissolution and is 

key in the remineralization of enamel.4 The pellicle, comprised of salivary proteins 

adsorbed on hydroxyapatite crystals, slows the demineralization of enamel due to its 

semi-permeable nature.5 The pellicle inhibits the attachment of cariogenic 

microorganisms to the enamel. The pellicle also inhibits the transfer of acid produced by 
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bacteria to the enamel surface and the transport of dissolved ions from the enamel surface 

to the oral environment.5  

1.3 Demineralization of Enamel 

Teeth in the absence of bacteria do not develop caries, but the oral environment is 

warm and moist, providing an ideal environment for bacterial colonization. In a normal 

oral environment, cariogenic bacteria can be found in existing plaque at any time, 

however their numbers are minimal indicating the oral environment has a healthy balance 

of bacterial flora. Either a diet comprised of a high volume of foods containing sucrose or 

a decrease in salivary function, are the leading causes in the initiation of the proliferation 

of acido-genic bacteria.6 A high sucrose diet favors the establishment of acido-genic 

bacteria, specifically mutans streptococci and lactobacilli. As these bacteria proliferate, 

they begin to out compete the existing oral bacterial flora. A biofilm, known as dental 

plaque, comprised of the cariogenic bacteria eventually forms. This is followed by 

fermentable sugars being metabolized, and the pH dropping below 5.5; resulting in an 

environment ideal for the proliferation of these organisms. 

 This drop in pH is the driving force responsible for the initiation of 

demineralization. It causes a change in the plaque fluid, the extracellular aqueous phase 

of dental plaque, by reducing the amount of phosphate and hydroxide ions present 

specifically due to the reaction of H3O+ ions.7,8 To compensate for this deficiency, the 

enamel slowly leaches out phosphate and hydroxide ions in order to maintain saturation 

in the plaque fluid and saliva. Typically the site of initial mineral dissolution occurs in 

areas where hydroxyapatite is substituted with carbonate owing to the fact that its 

substitution causes a defect in the crystalline lattice and carbonated HAP has a larger Ksp 
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compared to biological apatite. A white spot lesion is characteristic of early 

demineralization and appears most noticeably when air-dried.9 As demineralization 

progresses, minerals continue to diffuse into the plaque and salivary fluid. When the 

surface minerals have been exhausted, demineralization continues at the expense of the 

subsurface enamel. The demineralized ions of the inner enamel diffuse to the surface 

enamel aiding in its remineralization, but eventually the transfer of ions into the saliva 

exceeds the rate at which the subsurface ions regenerate the surface enamel. The outcome 

is the formation of a cavity as a result of the collapse of the surface enamel.10 

1.4 Remineralization 

The most significant way to avoid the proliferation of a cavity and ultimately the 

collapse of the enamel surface is accomplished when either remineralization is enhanced 

or when demineralization is impeded. This is accomplished in two ways; in the first, the 

pH must be raised above 5.5, causing a decrease in the solubility of HAP and the halt of 

its dissolution.7 The next step involves supersaturation of the salivary fluid followed by 

the plaque fluid in direct contact with the demineralized zone with bioavailable calcium 

and phosphate ions. The presence of these ions impedes demineralization because the 

ionic equilibrium between the enamel and salivary fluid is reestablished. In this scenario, 

the rate of remineralization begins to exceed the rate of demineralization.  

Remineralization is thought to occur in the presence of the two ions on irregular surfaces 

on the enamel, which form amorphous calcium phosphate (ACP), and lastly HAP.11,12 

The most significant factor in remineralization is that required ions, calcium and 

phosphate, must be present in a concentration above what is present in saliva.11 The 

exposure of these key ions also has to be maintained over an extended period of time. 
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1.5 Remineralizing Dentifrices 

1.5.1 Fluoride 

Fluoride is an efficacious remineralization agent currently incorporated into most 

dentifrices (such as toothpaste and mouthwash) as well as city drinking water.13 This 

remineralization agent is incorporated into enamel in the form of FAP, which is less 

soluble in saliva than HAP. It has the ability to accelerate the replacement of mineral lost 

from lesions by enhancing precipitation of calcium phosphates and when it is 

incorporated into enamel is known to exhibit antimicrobial and caries resistance 

characteristics.14 However, this resistance to further demineralization results in the 

enamel surface’s decreased permeability; specifically the calcium and phosphate ions 

needed to remineralize the sub surface zone of the carious lesion.9 Also the contact time 

of the fluoride is too short lived for any significant long term remineralization. 

1.5.2 Glass Ionomer Cement 

A dental product introduced in the 1970’s under the premise of reversing early 

carious lesions was glass ionomer cements (GIC). This material sets via an acid base 

chemical reaction. It is utilized as a dental restorative due to the fact that it chemically 

bonds to enamel and dentin, it exhibits long-term fluoride release, and it can also be 

recharged with fluoride.15 It is typically applied to the primary dentition as a sealant or a 

base for cavity preparations. It does however suffer from significantly lower fracture 

toughness and a reduced resistance to wear when compared to a composite resin, traits 

not suitable for placement in posterior teeth.   
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1.5.3 Resin Modified Glass Ionomer Cement 

The solution to these unfavorable mechanical properties was solved through the 

addition of hydroxyethylmethacrylate (HEMA) to conventional GICs. The addition of 

this monomer resulted in a dental restorative with improved wear resistance, fracture 

toughness, and working time. The resin modified glass ionomer cement (RMGIC) cures 

via two 2 mechanisms; the first is the same chemical reaction as conventional GIC, and 

the second is by way of light activated polymerization. The problem with this is that the 

two reactions compete with and inhibit each other possibly in such a way that is 

detrimental to the material’s properties.16 An additional shortcoming of RMGIC’s is that 

they only utilize fluoride ions for remineralization.  

1.5.4 Duraphat 

The first significant fluoride varnish available to dental professionals in the 

1960’s, was marketed as Duraphat. The use of dentifrices at that time allowed fluoride to 

be in contact with enamel briefly. Duraphat contains 5 percent sodium fluoride and is 

designed to set on contact with oral moisture. This fluoride varnish revolutionized caries 

preventative measures by allowing fluoride to be in contact with enamel for an extended 

period of time; up to 4 hours. Also, its application is completed in a matter of minutes, a 

trait ideal for application on children. However, the annual application of this product is 

required for continued caries prevention because activities such as eating and brushing 

eventually abrade the product off of the enamel. 

1.5.5 Enamelon 

Attempts have also been made to develop dental remineralization products that 

are based on calcium phosphate as well as milk proteins. Enamelon was a dentifrice 
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product introduced in 1999, that was delivered by way of a two phase system that kept 

the calcium and phosphate separated. The manufacturer claims that once their product is 

applied, the calcium and phosphate salts dissolve in saliva and the respective ions 

precipitate unstable ACP. There is research that shows Enamelon is not as effective in 

enamel remineralization when compared to dentifrices that incorporate fluoride.17  

1.5.6 Casein Phosphopeptide Based Dentifrices 

The remineralization technology that is based off of milk proteins utilizes casein 

phosphopeptides (CPP) that are claimed to be able to bind to ACP, ultimately stabilizing 

calcium phosphate and creating CPP-ACP.9 This technology has been utilized in chewing 

gum and mouth rinses and is claimed to aid in remineralization. However, most research 

of efficacy of this technology has been conducted over short periods of time leaving to 

question its potential for longterm remineralization.  

1.5.7 NovaMin 

A third technology is marketed under the name of NovaMin. It utilizes calcium 

sodium phosphosilicate that is claimed to play a role in remineralization through the 

release of calcium and phosphate as the glass particles wear.17 The use of this technology 

in restorative dental materials, such as composite fillings, is not ideal due to the fact that 

this technology relies on the breakdown of the glass. Each of these products fall short, in 

that they are unable to be applied to a broad range of dentifrices because they tend to be 

developed for more of an individualized and specific dental application. 
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1.6 Specific aims 

This research looks to establish a ubiquitous method for delivering ions in their 

bioavailable form that could be applied in a variety of dentifrices. Polyurethane based 

microcapsules were synthesized and utilized as a medium to provide a gradual release of 

bio-available ions required for remineralization. The purpose of this study was to 

determine some of the key variables that could affect ion release rate from the 

microcapsules formulated into an experimental resin based varnish. These variables 

included looking at the identity of the salt, the chemical structure of the microcapsules, 

the w/w% loading of the microcapsules in a resin varnish and the initial salt concentration 

in the microcapsules. 
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Chapter 2 

Materials 
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2.1 Microcapsule Synthesis 

2.1.1 Prepolymer Synthesis 

 Round Bottom Flask Preparation  

The 24/40 joint triple neck and single neck round bottom flasks were 

manufactured by Pyrex, and Dow Corning high vacuum grease was used to seal the 

joints. The clips used to secure the joints were Schott KECK model KC24 clips. The 

sleeve stoppers used were from Sigma-Aldrich and the 24/40 flow adapters manufactured 

by KONTES were used. Fisher brand copper wire was used to ensure the sleeve stoppers 

were tightly sealed. The vacuum pump used was a Welch 1400 DuoSeal Bunsen burners 

were used to flame dry the flask.   

Degassing and Prepolymer Polymerization Initiation  

Corning Stirer/Hot plate’s model PT-420 with a temperature controller attached 

were used during the prepolymer reaction. The cyclohexanone was made by Pharmco-

AAPER, the tolylene-2,4-diisocyanate by Fluka, and the ethylene glycol by Pharmco-

AAPER. The oil used in the heat bath was Sigma-Aldrich silicone oil. KimTech brand 

Kimwipes were used to clean any vacuum grease from the necks of the flasks before the 

reacted prepolymer was transfered. Also, 18 gauge PrecisionGlide needles were used to 

vent the flask. 

Prepolymer Isolation 

Pharmco-AAPER isopropanol was used in the dewar. A Varitemp Heat Gun 

model VT-750C to melt the solvent out of the dewar as well as to transfer the prepolymer 

to 20ml Disposable Scintillation Vials.  
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2.1.2 Microcapsule Preparation and Synthesis 

Salt Solution Preparation 

The solid salts used for the salt solutions were: potassium phosphate dibasic 

(Fisher Bioreagents), calcium nitrate dihydrate (ACROS Organics), and sodium fluoride. 

Salt solutions were stored in 250 ml Thermo Scientific Narrow Mouth Nalgene bottles. 

Oil Solution Preparation 

The previously made ethylene glycol based prepolymer or the 1,4-butanediol 

based propolymer was combined with methyl benzoate purchased from Acros Organics.   

Microcapsule Synthesis 

The heating bath used for the microcapsule synthesis was a Buchi Heating Bath 

model B-490, and the mixer was a Caframo model BDC 6015.   

2.1.3 Resin Varnish Sample Setup 

Microscope Slides and Staining Dishes 

The slides used were Fisher Scientific Fisherfinest Premium Microscope Slides 

(plain). Nylon standard flat washers (outer diameter 15.875 mm, inner diameter 9.525 

mm, thickness 0.813 mm) part number 16FW375032 from Washers USA were glued to 

the slides using Amazing Goop Contact Adhesive and Sealant applied via National 

Scientific S7510-5 syringes. Syringes were filled with the adhesive and a bead was run 

on one side of the plastic washer. The washer was placed onto a microscope slide and 

pressed firmly against the slide. After the adhesive set for at least three minutes, any 

excess was removed from the interior of the washer via a cotton swab wetted with 

acetone. Three washers were adhered to each individual slide as seen in Figure 1. Once 
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all excess adhesive was removed, any exposed glass on slides was cleaned with 

Kimwipes wetted with acetone (Pharmco-AAPER).   

 

Figure 1. Microscope slide set up with washers adhered to the slide.  
 

Each slide with washers adhered to it was individually weighed using an Ohaus 

Pioneer digital scale to determine the total grams of resin varnish formulation applied. 

Electron Microscopy Sciences 20-Slide Staining Dishes were used to hold the 

microscope slides in nanopure water as seen in Figure 2a and 2b. Dishes were rinsed with 

an ethanol solution from Fisher Chemical, a Clorox Bleach solution followed by 

nanopure water. 

 

Figure 2a Microscope staining dish with 20 microscope slides set up with washers and 
resin varnish samples as seen from the top of the dish.  
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Figure 2b Microscope staining dish with 20 microscope slides set up with washers and 
resin varnish samples as seen from the side of the dish. 
 

Resin Varnish Formulation 

FlackTec Inc. Max 40 Cup Translucent dental mixing cups were!/012!"3!4!56112!

7"$1897! :;<! %).! =>? to mix the varnish formulations. The monomers 

tri(ethyleneglycol)dimethacrylate (TEGDMA) and methyl methacrylate (MMA), and the 

photoinitiators camphorquinone and ethyl-4-dimethylaminobenzoate were purchased 

from Sigma-Aldrich. Urethane dimethacrylate (UDMA), the third of the three monomers 

used, was purchased from Esstech.   

Resin Varnish Application and Aliquots 

Fisherbrand Pasteur pipettes were used to transfer and apply the resin varnish 

formulation. The light curing unit used was a Dentsply/York Division Triad 2000. The 

aliquots taken were placed in to Fisher Scientific 2.0ml Graduated Tubes with Flat Cap. 

2.1.4 Ion Release Profiles  

Phosphate Release Analysis 
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The phosphate analysis was done by conducting dilutions using Finnpipette II 

brand pipettes placed in Greiner Bio-one Cellstar 48 Well Cell Culture Plates. The mixed 

reagent was made by combining specific solutions of Ammonium heptamolybdate 

tetrahydrate, Potassium antimonyl tartrate trihydrate, 2.5 M H2SO4 and L-Ascorbic acid 

all purchased from Sigma-Aldrich. The plates were read using a Tecan Infinite M200 

combined with Magellan software.   

Calcium and Fluoride Analysis 

Ion specific electrodes manufactured by Nico2000 LTD. London, U.K. were used.  

Calcium and Fluoride Ion Detection utilized an ELIT 1792 calcium specific electrode and 

ELIT 1745 fluoride specific electrode, respectively, and each were individually paired 

with an ELIT 001N sliver chloride reference electrode. 
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In the making of microcapsules, the synthesis of a prepolymer is required. This 

was accomplished by reacting a diol and a diisocyanate in cyclohexanone as a solvent at 

an elevated temperature. 

3.1 Prepolymer synthesis 

3.1.1 Round Bottom Flask Preparation 

A 500 ml, 3 neck round bottom flask with 24/40 joints was cleaned and rinsed 

first with soapy water followed by acetone in conjunction with a brush and was rinsed 

with nanopure water. A magnetic stir bar was also rinsed with nanopure water and then 

acetone and was placed into the round bottom flask. Vacuum grease was applied to a 

24/40 adapter flow control, the adapter was then placed into the center joint of the round 

bottom flask. An air tight seal was acquired by twisting the adapter to push the vacuum 

grease uniformly down the neck of the flask and was secured with a keck clip. Septa were 

placed into the remaining two joints and secured by twisting copper wire with needle 

nose pliers. The round bottom flask was then secured with a clamp attached to a ring 

stand in a fume hood. A vacuum hose from the manifold was attached to the closed 

adapter flow control and the vacuum pump was turned on. The vacuum port on the 

manifold was opened, next the flow adapter valve to the round bottom flask was opened 

and the flask was evacuated for 5 minutes. 

After evacuating for 5 minutes a Bunsen burner was used to heat the flask for 2 

minutes in order to remove adventitious water. The burner was never focused on a single 

portion of the flask for more than a few seconds to avoid over heating the glass, which 

could cause an implosion. Care was also taken to ensure that none of the vacuum hoses or 
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plastic was melted. When the flaming was done, the flow adapter was closed, followed 

by the manifold port and finally the vacuum pump. 

3.1.2 Degassing and Polymerization Initiation 

The inert gas (in this case argon) valve was then opened, followed by the 

manifold port to backfill the flask with an inert atmosphere. Argon was slowly introduced 

to the evacuated flask by quickly opening and shutting the flow adapter valve. This was 

done to prevent the flow adapter from shooting out of the round bottom flask joint due to 

the increase in its internal pressure, and the flask was allowed to cool to room 

temperature. One septum was removed while inert gas continued to flow keeping the 

atmosphere specifically oxygen from diffusing into the round bottom flask. 150 ml of 

cyclohexanone solvent was added to the flask using a graduated cylinder. The molar ratio 

of diol and diisocyanate is significant because it controls the final molecular weight of the 

product. One septum was removed and a syringe was used to add 18 ml (.125 mols) of 

tolylene-2,4-diisocyanate to the existing cyclohexanone.  The septum was replaced and 

secured with copper wire and stirred for 30 minutes. Then a septum was again removed 

and 3.14 grams (0.055 mol) of ethylene glycol was slowly added via a syringe and the 

septum was replaced and secured with copper wire. The inert gas tank valve was opened, 

followed by the manifold. The degassing needle was inserted into one septum and a 

needle was inserted into the other septum. The solution was then stirred while degassing 

for thirty minutes at room temperature. After the thirty minutes, the degassing needle was 

removed from the septum in the round bottom flask, the manifold valve was closed 

followed by the inert gas tank valve. 
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The round bottom flask was then submerged in a Sigma-Aldrich silicone oil filled 

bath being sure not to spill the oil out on to the Corning stirrer/hot plate model PC-420. 

Using a temperature controller attached to the stirring hot plate, the temperature was set 

to 80 °C. A syringe needle was inserted into one of the septa while the flask was being 

heated to release the pressure. When the reaction temperature was reached, the needle 

was removed and the flow adapter was closed, then the manifold and lastly the inert gas 

tank. The reaction was carried out overnight. 

3.1.3 Prepolymer Isolation 

The following day the temperature controller was turned off and the round bottom 

flask was raised out of the oil bath and allowed to cool. A septum was removed and the 

solution as well as the stir bar was transferred to a 500 ml single neck round bottom flask. 

Vacuum grease was applied to a 24/40 flow adapter and placed in the neck of the flask 

ensuring an air tight seal. The round bottom flask was attached to the clamp in the fume 

hood. The vacuum hose from the vacuum pump was attached onto the flow adapter and 

the flask was submerged into the oil bath. The dewar was then checked to ensure the 

proper amount of isopropanol was present. Then dry ice was slowly added making sure to 

not cause the isopropanol to overflow the from dewar. The vacuum pump was turned on, 

followed by the flow adapter attached to the single neck round bottom flask while the 

solution was being stirred. The temperature was set to 100 °C and the flask was covered 

with glass wool wrapped with aluminum foil.  The cold trap was periodically checked to 

empty the solvent. This was done by first closing the flow adapter valve and then the 

vacuum pump. The trap was then lifted out of the dewar, a heat gun was used to melt the 

solvent that may have been blocking the cold trap. The heat gun was never focused on 
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one area of the glass trap for more than two to three seconds to ensure the glass did not 

become over heated. A generous amount of vacuum grease was applied to the joint of the 

trap for a tight seal as well as to ensure the trap could later be separated. Once the volume 

of the solvent was significantly reduced it was allowed to cool to ensure all the solvent 

was boiled off. The vacuum grease was cleaned off of the joint using Kimwipe wetted 

with hexanes, to make sure the polymer wasn’t contaminated. The heat gun was used to 

get the ethylene glycol based prepolymer to flow from the round bottom flask into screw 

top vials. While using the heat gun, care was taken to ensure the prepolymer was not 

overheated. Just enough heat was applied to allow the product to begin to flow.This same 

process was followed in the solution polymerization of the polyurethane based on 1,4-

butanediol. 

3.2 Microcapsule Formulation  

An emulsion is defined as a suspension of small globules of one liquid in a second 

liquid with which the first will not mix. Emulsions require energy to be formed, and they 

appear to be cloudy due to the interfaces scattering light. Over time, these mixtures are 

characterized by reverting to two separate immiscible phases. Reverse emulsions are 

characterized by the presence of water droplets suspended in a continuous oil phase. 

3.2.1 Aqueous Phase Preparation 

The following procedure was used for solutions of high concentrations of salts. 

The respective solid salts were gradually added, over a 30 minute time period, to an 

Erlenmeyer flask and were placed on a stir plate that contained a magnetic stir bar and 

just 80 ml of nanopure water. Once all of the salt was added, the weigh boat and spatula 

were thoroughly rinsed with nanopure water and the water was added into the flask. The 
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salt solution was left on the stir plate for up to 24 hours. When the salt was completely 

dissolved, and the heat had dissipated the solution was transferred into a well rinsed 250 

ml volumetric flask. The volume was brought up to exactly 250 ml for the specific salts 

and molarites of the microcapsule species used in the experiments: potassium phosphate 

dibasic, calcium nitrate dihydrate and sodium fluoride.   

3.2.2 Oil Solution Preparation 

Oil solutions were formulated using either the previously made ethylene glycol 

based prepolymer or the 1,4-butanediol based prepolymer, combined with methyl 

benzoate and an emulsifying agent. All the components were put into a 250 ml 

Erlenmeyer flask with a magnetic stir bar. The prepolymer was ground up finely and was 

stirred on a stir plate overnight. 

3.2.3 Microcapsule Synthesis 

 Distilled water was used to fill the heating bath, which was set to 70 °C. 

Meanwhile, the reactor was set up by putting the propeller into the reactor through the lid 

and clamping it tightly. The assembled reactor was clamped and lowered in to the heat 

bath about half an inch from the bottom. The propeller was then fitted into the mixer 

raising it slightly off of the bottom of the reactor. The mixer with the secured propeller 

was tested at 400, 1300, 2500 and 4000 rpm to ensure the safety of the setup, especially 

that there was no issue with vibration. The reactor was left in the heat bath for 1 hour to 

allow it to reach the set temp and then the oil solution was added through a funnel. The 

mixer was set to 1350 rpm for thirty minutes. Then 110 ml of the salt solution was added 

gradually over 5 minutes with a Pasteur pipette. The mixer was set to 4000 rpm for 30 

minutes. After the thirty minutes, 0.04 mol of ethylene glycol was added to the reactor 
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and the reaction was carried out at 4000 rpm for 4 hours. At the end of the reaction time, 

the reactor was taken out of the heat bath and allowed to cool at room temperature for 

one hour. The reaction mixture was poured into screw top centrifuge tubes, and were 

centrifuged for 8 minutes and then stored. 

3.3 Resin Varnish Formulation and Application 

 Once the microcapsules were synthesized, they were formulated into the resin 

varnish films for ion release studies. Films were formed by placing the formulation into 

the washer microscope slide setup, as seen in Figure 1. The slides were then placed into 

microscope slide dish holders and submerged in nanopure water. The individual static 

release profiles were measured for 12 weeks (sometimes longer) by taking aliquots from 

the slide dish. 

3.3.1 Resin Varnish Formulation 

Prior to formulation, the microcapsules were centrifuged for 5 minutes and the 

methyl benzoate was decanted off. The respective weight percents of the microcapsules 

were transferred into mixing cups on a digital scale. The liquid monomers (TEGDMA, 

MMA, and UDMA) were transferred to the same mixing cup via syringes. Lastly the 

photoinitiators, camphorquinone and ethyl-4-dimethylaminobenzoate were added to the 

mixing cup. The mixing cup was placed in to a speed mixer that was operated at 3540 

rpm for 2 minutes in order to mix the formulation. A 7 gram formulation of a typical 

varnish that consisted of fifteen weight percent microcapsules would have included: 1.05 

grams of microcapsules.  The monomers comprised the remaining weight percentage of 

the 7 gram formulation, which in this case was 85 weight percent. Of the remaining 85 

weight percent of the 7 gram formulation, TEGDMA and MMA together comprise 90% 
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of that: equaling 2.6775 grams of each or 38.25 weight percent of the 7 gram formulation.  

The UDMA weight percent comes out to 10% of the 85 weight percent of the 7 gram 

formulation: equaling 0.595 grams of UDMA, or 8.5 weight percent of the 7 gram 

formulation. The photoinitiators equate to 0.5 weight percent of the 7 gram formulation 

but were not calculated into the total mass of the varnish formulation. The slide/washer 

sets, as seen in Figure 1, were massed prior to the resin varnish formulation being applied 

to allow the measurement of total varnish used in the experiment. 

The resin varnish formulation was then placed into the washers on the acetone 

cleaned microscope slides via a Pasteur pipette. One drop of varnish formulation was 

applied at a time until the formulation was visibly level with the top of the plastic washer. 

This resulted in a surface area of 71.2257 mm2 and a volume of 57.3547 mm3.  The 

formulation was applied to two slides at a time, each washer was then photocured for 2 

minutes.  Once the initial photopolymerization was completed, the slides were placed into 

a light curing unit for 5 minutes. After the 5 minutes, the slides were taken out of the 

curing oven and any excess cured varnish was removed from the slide. The surfaces of 

the samples were then wiped off using a Kimwipe. The slides were then weighed in order 

to determine the post-pour weight and ultimately the amount of the resin based varnish 

formulation present. 

3.3.2 Resin Varnish Samples and Microscope Dishes 

The slides with the photocured samples were then rinsed with nanopure water and 

wiped dry using Kimwipes being careful not to disrupt their surface. Microscope slide 

staining dishes with slide holders were rinsed with a 5% v/v bleach nanopure solution. 

This was followed by a rinse with a 70% v/v ethanol solution. The dish was then rinsed 
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one more time with nanopure water. The dishes were thoroughly dried with Kimwipes, 

and twenty of the previously rinsed slides with the varnish samples were placed in the 

slide holders. 200 ml of nanopure water was measured out and poured in to the staining 

dish containing the varnish samples.   

In order to measure the concentration of ions released from the resin based 

varnish formulation, 1 ml aliquots were taken from the microscope slide dishes 

containing the films submerged in nanopure water. The water was replenished after each 

aliquot was removed from the slide dish. The first aliquot was removed at time zero and 

put into a micro-centrifuge tube for storage. Subsequent aliquots were taken at 15 

minutes, 30 minutes and 1 hour on the first day. During the first week, day one, day four, 

and week one aliquots were taken followed by a weekly aliquot for seventeen weeks. 

After week 17 aliquots were taken every other week. 

3.4 Ion Release Profiles 

3.4.1 Phosphate Analysis 

3.4.1.1 Mixed Reagent 

 Phosphate concentration was measured by the Molydenum Blue method. UV-vis 

measurements were made on a Tecan Infinite M200 operated with Magellan software. 

Mixed reagent for phosphate detection (molybdenum blue) was made by combining 10 

ml of 2.5 M H2SO4 with 6 ml of 0.1 M Ascorbic Acid, 3 ml of 0.032 M Ammonuim 

heptamolybdate tetrahydrate and 1 ml of 0.004 M Potassium antimonyl tartrate trihydrate 

into an Erlenmeyer flask.  
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3.4.1.2 Dilutions and Analysis  

The standards used in the phosphate ion detection, ranged from 0.15 ppm to 3.0 

ppm.  In order for the ion release samples to fall within these detectable concentrations 

they had to be diluted to within the established standard range. In a typical measurement 

with an aliquot that was expected to have a phosphate concentration between 11.25 and 

225 ppm, a 1 in 75 dilution was used. For this dilution a micropipette was used to take 10 

ul of the aliquot and put it into a single well; these dilutions were performed in triplicate.  

Then 740 ul of nanopure water was placed in each individual well followed by 150 ul of 

mixed reagent resulting in each well having a total volume of 900 ul. The standards were 

pipetted in triplicate, in a 1 to 1 dilution, and their range was 0.15 ppm, 0.3 ppm, 0.6 

ppm, 1.5 ppm, and 3.0 ppm, and nanopure water was used as the blank. Once all of the 

wells were filled with the diluted aliquot and the mixed reagent the plate was put into the 

plate reader by selecting the “open plate reader” button. 

The next step utilized the computer, specifically the Magellan Software.  Create 

edit method was selected and the 48 well template file was opened. Any wells that had 

not been utilized were deselected and the next button was selected. In the plate layout SM 

was selected from a drop down menu and the dilutions were manually entered for each 

respective triplicate. The minus blank tab was selected and every well was made to show 

X-BL1 (x minus blank), the next button was selected and the file was saved as the date. If 

the plate was the second or third run for the day, then it was labeled with the date and the 

letter “b” or “c” respectively. Then the create sample ID list was selected and the 48 well 

template file was opened. A 48 unit table was opened, and the standards were already 

labeled. The wells were labeled according to the aliquot placed into the well. For 



! &)!

instance, if the aliquot was from the resin varnish formulation with 15 weight percent of 

2.4 M K2PO4 filled microcapsules on day 28, the well was labeled “Resin15% 2.4MPO4 

28d.” This label would be copied and pasted into the two cells below it. The file would be 

saved exactly the same as the newly created method. Run plate was selected from the 

menu and the matching method and sample ID list were selected, while the file name for 

the run was labeled identically. Once the plate was run, the r-value was checked. When 

the well plate was done being read, the standard curve was checked to make sure the r 

value was no less than 0.999. Next the data was exported to Excel and from there the data 

was organized and transferred to their respective workbooks.   

Appropriate dilutions were selected according to the ppm expected for the 

respective aliquots ranging from a pure sample to a 1 in 2500 dilution. The standard and 

sample dilutions were done in triplicate using pipettes ranging from 0.5 ul to 1000ul. The 

part per million standards, sample solutions and nanopure water were pipetted into each 

well in the well plates, the mixed reagent was added and the plate was run in the Tecan 

Infinite M200 through the Magellan Software. The data was then transferred to Excel and 

custom sorted. The individual ppm concentrations, average ppm concentrations and 

standard deviations were then copied and pasted into workbooks. 

3.4.2 Calcium and Fluoride Ion Detection 

Ion specific electrodes were used to determine the concentration of calcium and 

fluoride ions. A calcium specific electrode and a fluoride specific electrode were used in 

conjunction with a silver chloride reference. The manufacturer’s instructions were 

followed with respect to the buffer solutions necessary for sample dilutions. Sample 
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dilutions were determined in accordance with an estimated range established by our 

standards (stock). 

Back calculations and normalized data were calculated using Excel and the 

different weight percent loading, molarities, salts and polymer shell type were compared 

and contrasted. 
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The ion release profiles from the varnish formulations were determined using the  

molybdenum blue method for phosphate ion detection and ion specific electrodes were 

utilized for the detection of calcium and fluoride ions. All data from the ion detection was 

normalized per gram of formulation. Differences in ionic species, polymer shell chemical 

composition, weight percent loading, and initial salt concentration were the variables 

tested to determine their effect on the release profiles.  

4.1 Effect of Salt Identity on Release Profile of 0.8 M Filled Microcapsules 

The ion release profiles of 15 w/w% loading 0.8 M K2HPO4, 0.8 M Ca(NO3)2 and 

0.8 M NaF filled ethylene glycol based polyurethane microcapsules formulated in a resin 

based varnish were studied to show the efficacy of releasing calcium, phosphate and 

fluoride ions. In Table 1, the ionic release profiles of 0.8 M K2HPO4, 0.8 M Ca(NO3)2 

and 0.8 M NaF fomulations into nanopure water are shown over time (weeks). At time 

zero, all of the ionic species studied in the microcapsule varnish formulations released 

less than 1 ppm. 

The normalized total ion release concentration (ppm/gram of formulation) as a 

function of ionic species from day 1 through 12 weeks is shown in Figure 3. After day 1, 

the 0.8 M K2HPO4 formulation had a total ion release greater than the 0.8 M Ca(NO3)2 

formulation which in turn had a total ion release greater than the 0.8 M NaF formulation. 

Over the next 4 weeks after day 1, the 0.8 M K2HPO4 formulation had a total ion release 

approximately 8 times greater than the 0.8 M NaF formulation. During the next 8 weeks 

after week 4, the 0.8 M K2HPO4 formulation total ion release increased to approximately 

17 times greater than the 0.8 M NaF formulation. Over the next 4 weeks after day 1, the 

0.8 M Ca(NO3)2 formulation had a total ion release approximately 6 times greater than 
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the 0.8 M NaF formulation. During the next 8 weeks after week 4, the 0.8 M Ca(NO3)2 

formulation total ion release increased to approximately 12 times greater then the 0.8 M 

NaF formulation. 

 

Table 1. Normalized ppm of fluoride, calcium, and phosphate ion release, into nanopure 
water, as a function time for ethylene glycol based polyurethane microcapsules filled 
with 0.8M NaF, 0.8 M Ca(NO3)2, and 0.8 M K2HPO4 formulated in a resin based varnish. 
The microcapsules were loaded at 15 w/w%. 

 

Time 0.8 M NaF 
0.8 M 

Ca(NO3)2 
0.8 M 

K2HPO4 
(Days) PPM PPM PPM 

0 0.1 0.2 0.1 
15 minutes 0.2 0.3 0.6 
30 minutes 0.2 0.4 0.8 

1 0.4 1.3 3.2 
4 0.5 2.4 3.7 
7 0.6 3.0 4.4 
14 0.8 4.7 6.1 
21 0.9 7.4 7.4 
28 0.9 7.8 9.7 
35 0.9 9.7 11.4 
42 1.0 9.8 12.5 
49 1.0 10.0 14.1 
56 1.0 10.8 16.8 
63 1.0 10.6 17.6 
70 1.0 14.2 18.6 
77 1.0 13.3 18.4 
84 1.0 14.8 19.7 
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Figure 3. Normalized concentration (ppm/gram of formulation) of fluoride, calcium, and 
phosphate ion release, into nanopure water, as a function time, from day 1 through week 
12, for ethylene glycol based polyurethane microcapsules filled with 0.8 M NaF, 0.8 M 
Ca(NO3)2, and 0.8 M K2HPO4 formulated in a resin based varnish. The microcapsules 
were loaded at 15 w/w%. 
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4.2 Effect of Microcapsule Chemical Composition on Phosphate Ion Release 

In order to study the effect of microcapsule chemical composition on the rate of 

phosphate ion release, two different polyurethane microcapsules were synthesized based 

on the identity of the diol used during the synthesis. One of the microcapsules was 

composed of a polyurethane based on ethylene glycol and the other was based on 1,4-

butanediol. Each of these types of microcapsules with a solution of 2.4 M K2HPO4 were 

formulated into a resin based varnish at 15 w/w% loading. Table 2 shows the release 

profile of the resin based varnishes formulated with each type of microcapsule filled with 

2.4 M K2HPO4 over 12 weeks of measurement. At time zero, both of the microcapsule 

type formulations had a phosphate concentration of less than 1 ppm.  

The phosphate ion release as a function of time for each microcapsule type is 

shown in Figure 4. The normalized total ion release concentration (ppm/gram of 

formulation) of the 1,4-butanediol formulation was less than the ethylene glycol 

formulation from time zero through 1 hour. From hour 1 to hour 24 on the first day of 

measurement, the total ion release concentration of the 1,4-butanediol formulation was 

slightly greater than the ion release of the ethylene glycol formulation. After day 1 the 

total phosphate ion release of the 1,4-butanediol formulation was approximately 1.3 times 

greater than the ethylene glycol formulation over the 12 week time period. Both 

formulations exhibited sustained phosphate ion release over 12 weeks of measurement. 

 
 
 
 
 
 
 
 



! '&!

 
Table 2. Normalized ppm of phosphate ion release, into nanopure water, as a function of 
microcapsule chemical composition in a resin based varnish (15 w/w% loading of 
microcapsules in resin formulation containing a solution of 2.4 M K2HPO4). 

 
 Ethylene Glycol 1,4-Butanediol 

Time (days) PPM PPM 
0 0.7 0.1 

15 minutes 1.8 0.5 
30 minutes 2.8 0.9 

1 hour 3.6 1.3 
1 10.9 11.3 
4 14.9 18.5 
7 16.4 21.8 
14 21.5 33.1 
21 36.1 45.5 
28 42.1 55.1 
35 47.4 62.5 
42 52.8 72.4 
49 60.7 73.3 
56 62.3 84.6 
63 71.0 88.7 
70 77.3 94.2 
77 80.6 95.3 
84 84.5 99.9 
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Figure 4. Normalized concentration (ppm/gram of formulation) of phosphate ion release 
from 2.4 M K2HPO4 filled ethylene glycol and 1,4-butanediol based polyurethane 
microcapsules in a resin based varnish as a function of time from day 1 through week 12 
(15 w/w% loading of microcapsules in resin varnish formulation). 
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4.3 Effect of Microcapsule Chemical Composition on the Rate of Phosphate Ion 

Release 

The release data of the 15 w/w% loading 2.4 M K2HPO4 filled ethylene glycol as 

well as the 1,4-butanediol based polyurethane microcapsules in a resin based varnish was 

examined with respect to the rate of ion release. This was done by plotting the amount of 

ion release between aliquots as a function of time between those measurements as seen in 

Table 3. For example, if we examine the release rate of the ethylene glycol formulation 

from day 1 through week 1, a total of 10.9 ppm of phosphate ion had already been 

released on day 1 for this sample. On day 4, 14.9 ppm of phosphate ion had been 

released. Therefore there was 4.0 ppm of phosphate ion released over the course of 3 

days. This correlated to a phosphate ion release of 1.3 ppm per day. This total value of 

1.3 ppm per day was plotted as the y-axis for rate of ion release (ppm per day) versus day 

4 on the x-axis for time as seen in Figure 5.  

The ethylene glycol and 1,4-butanediol formulations each exhibited the greatest 

rate of phosphate ion release over a given time period of this study on the first day as 

seen in Figure 5. The 1,4-butanediol formulation released phosphate ion at a rate greater 

than the ethylene glycol formulation on day 1. After day 1, this ion release trend 

remained constant over the next 8 weeks. Over the next 4 weeks after week 8, the trend 

switched to the ethylene glycol formulation releasing phosphate ion at a rate higher than 

the 1,4-butanediol formulation. 
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Table 3. Release rate of phosphate ion from K2HPO4 solution from ethylene glycol based 
and 1,4-butandiol polyurethane microcapsules in a resin based varnish.  The table 
represents the release rates in ppm per day between sample days from microcapsules 
loaded at 15 w/w% in a resin based varnish formulation. 
 

 Ethylene Glycol 1,4-Butanediol 
Time (weeks) PPM PPM 

day 1 10.9 11.3 
day 4 1.3 2.4 

1 0.5 1.1 
4 1.2 1.6 
8 0.7 1.1 
12 0.8 0.5 
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Figure 5. Release rate of phosphate ion, in ppm per gram of formulation per day between 
measurements, from a 2.4 M K2HPO4 solution from ethylene glycol based and 1,4-
butanediol based polyurethane microcapsules loaded at 15 w/w% in a resin based varnish 
formulation from day 1 through week 12. 
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4.4 Effect of Weight Percent Loading on Phosphate Ion Release 

The phosphate ion release profile of 2.4 M K2HPO4 filled, ethylene glycol based 

polyurethane microcapsules, in a resin based varnish was determined for a 3, 9, and 15 

weight percent loading microcapsule formulation. The data from different w/w% loading 

of microcapsules is seen in Table 4. The phosphate ion release for the 3, 9, and 15 w/w% 

loading formulation is reported for 35 weeks in Figure 6a as a function of loading. This 

same data is shown as a function of time in Figure 6b. Early measurements show no 

residual salt was free in the varnish due to the fact that at time zero, the 3, 9, and 15 

w/w% loading formulations exhibited a phosphate ion release of under 1 ppm.  After 1 

day of phosphate ion release, the 15 w/w% loading formulation released approximately 6 

times more phosphate than the 3 w/w% loading formulation. The 9 w/w% loading 

formulation released approximately 5 times more than the 3 w/w% loading formulation. 

Over the next 8 weeks, the 15 w/w% loading formulation released approximately 12 

times more than the 3 w/w% loading formulation, whereas the 9 w/w% loading 

formulation released roughly 9 times more than 3 w/w% loading formulation. Each of 

these w/w% loading formulations showed sustained release for 39 weeks. At 39 weeks, 

the 15 w/w% loading formulation released almost 11 times more and the 9 w/w% loading 

formulation released approximately 9 times more phosphate ion than the 3 w/w% loading 

formulation.  

 After compiling the initial release data for the 3, 9, and 15 w/w% loading 

formulations, higher weight percent loading resin based varnishes were formulated. 

Figure 7a shows the normalized concentration of phosphate ion release in ppm/gram of a 

varnish formulation containing 2.4 M K2HPO4 filled ethylene glycol based polyurethane 
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microcapsules as a function of loading, from 3 to 50 w/w%. Figure 7b shows this data as 

a function of time. Early measurements show the phosphate ion release was less than 1 

ppm at time zero for the 3, 9, 15, 30, and 50 w/w% loading formulation. The 30 w/w% 

loading formulation released approximately 8 times more phosphate ion than the 3 w/w% 

loading formulation by the end of day 1. Over the next 14 days the 30 w/w% loading 

formulation released roughly 55 times more than the 3 w/w% loading formulation. This 

resin varnish sample exhibited sustained released through 23 weeks. At 23 weeks the 30 

w/w% loading formulation released approximately 42 times more phosphate ion than the 

3 w/w% loading formulation. The 50 w/w% loading formulation released approximately 

55 times more phosphate ion than the 3 w/w% loading formulation on day 1. Over the 

next 2 weeks, the 50 w/w% loading formulation released over 200 times the amount of 

phosphate ion than the 3 w/w% loading formulation. After this point, the 50 w/w% 

loading formulation appeared to reach equilibrium with regards to phosphate ion release.   
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Table 4. Normalized ppm of phosphate ion release, into nanopure water, as a function of 
w/w% loading of 2.4 M K2HPO4 filled ethylene glycol based polyurethane microcapsules 
in a resin based varnish. 
 

 
3 w/w% 
loading 

9 w/w% 
loading 

15 w/w% 
loading 

30 w/w% 
loading 

50 w/w% 
loading 

Time 
(days) PPM PPM PPM PPM PPM 

0 0.2 0.3 0.7 0.0 0.0 
15 minutes 0.5 1.7 1.8 1.7 5.2 
30 minutes 0.6 2.3 2.8 2.2 12.5 

1 hour 0.7 3.2 3.6 2.6 16.7 
1 2.0 8.5 10.9 15.6 113.1 
4 2.4 11.7 14.9 45.1 506.3 
7 2.4 15.1 16.4 77.6 573.4 
14 2.6 19.7 21.5 148.0 602.1 
21 3.5 23.2 36.1 193.9 606.1 
28 4.4 30.6 42.1 226.8 622.7 
35 4.8 34.1 47.4 241.0 592.2 
42 4.8 36.7 52.8 271.1 579.6 
49 5.2 43.8 61.8 273.6 561.6 
56 5.3 45.6 64.3 301.0 578.8 
63 5.5 48.5 71.0   
70 5.6 53.6 77.3 311.1 586.5 
77 6.4 56.6 80.6 308.7 581.1 
84 6.5 59.8 84.5 316.8 572.7 
91 6.9 61.6 85.4 321.9 535.2 
98 6.6 65.2 87.8   
105 6.6 66.9 85.7 323.9 614.4 
112 7.2 68.8 90.7 322.2 601.6 
119 7.5 69.2 93.6 329.3 567.5 
133 7.8 75.1 96.2 343.9 595.5 
147 8.1 76.7 98.6 354.2 599.1 
161 8.6 81.6 103.7 362.6 609.11 
175 9.6 91.9 111.7   
189 9.3 89.4 104.3   
217 9.4 95.1 112.8   
231 10.8 93.8 118.1   
245 10.8 98.1 118.1   
259 11.4 103.5 125.9   
273 11.9 110.9 126.6   
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Figure 6a. Normalized concentration (ppm/gram of formulation) of phosphate ion release 
of a resin based varnish formulation containing 2.4 M K2HPO4 filled ethylene glycol 
based polyurethane microcapsules as a function of w/w% loading, from 3 to 15. Each plot 
represents a different time period from day 1 through 39 weeks of phosphate ion release. 
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Figure 6b. Normalized concentration (ppm/gram of formulation) of phosphate ion release 
from 3, 9 and 15 w/w% loading of 2.4 M K2HPO4 filled ethylene glycol based 
polyurethane microcapsules in a resin based varnish as a function of time from day 1 
through 39 weeks. 
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Figure 7a. Normalized concentration (ppm/gram of formulation) of phosphate ion release 
of a resin based varnish formulation containing 2.4 M K2HPO4 filled ethylene glycol 
based polyurethane microcapsules as a function of w/w% loading, from 3 to 50.  Each 
plot represents a different time period from day 1 through 23 weeks of phosphate ion 
release. 
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Figure 7b. Normalized concentration (ppm/gram of formulation) of phosphate ion release 
from 15, 30 and 50 w/w% loading of 2.4 M K2HPO4 filled ethylene glycol based 
polyurethane microcapsules in a resin based varnish as a function of time from day 1 
through 23 weeks. 
 
 

 

 

 

 

 

 

 

0 

100 

200 

300 

400 

500 

600 

700 

0 50 100 150 200 

N
or

m
al

iz
ed

 C
on

ce
nt

ra
tio

n 
of

 P
ho

sp
ha

te
 

Io
ns

 (p
pm

/g
ra

m
 o

f r
es

in
 fo

rm
ul

at
io

n)
 

!"#$%&'()*+%%%

50 w/w% loading 

30 w/w% loading 

15 w/w% loading 



! ((!

4.5 Effect of Weight Percent Loading on the Rate of Ion Release 

The release data for the effect of microcapsule loading was examined by plotting 

the amount of ion release between measurements as a function of time between those 

measurements as seen in Table 5, Figure 8 and Figure 9. For example, if we examine the 

release rate of the 2.4 M K2HPO4 filled ethylene glycol based polyurethane microcapsule 

9 w/w% loading formulation from day 1 through day 4, a total of 8.5 ppm of phosphate 

ion had already been released on day 1 for this sample. On day 4, 11.7 ppm of phosphate 

ion had been released. Therefore there was 3.2 ppm of phosphate ion released over the 

course of these 3 days. This correlated to a phosphate ion release of 1.1 ppm per day. 

This total of 1.1 ppm per day was plotted as the y-axis value for rate of ion release (ppm 

per day) versus week 1 on the x-axis for time as seen in Figure 8. As seen in Figure 8, the 

3, 9 and 15 w/w% loading formulations each exhibited the greatest rate of phosphate ion 

release over a given time period on the first day.  

The order of rate of release on day 1 from greatest to least was the 15 w/w% 

loading formulation, followed by the 9 w/w% loading formulation and lastly the 3 w/w% 

loading formulation. Over the rest of the first week, the 9 w/w% loading formulation 

released phosphate ion at a rate slightly greater than the 15 w/w% loading formulation 

which released at a rate greater than the 3 w/w% loading formulation. Over the course of 

the first month after the first week, the 15 w/w% loading formulation release rate was 

greater than the 9 w/w% loading formulation, which was greater than the 3 w/w% 

loading formulation. After 1 month, a sustained release of phosphate ion was observed 

for all 3 of the w/w% loading formulations through 39 weeks.  
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Figure 9 shows the rate of phosphate ion release for 15, 30 and 50 w/w% loading 

formulations over 23 weeks. The 15 and 30 w/w% loading formulations exhibited the 

greatest rate of release on day 1 while the 50 w/w% loading formulation had the greatest 

rate of release on day 4. Through the rest of the first week, the 50 w/w% loading 

formulation release rate continued to be greater than the 30 w/w% loading formulation, 

which was greater than the 15 w/w% loading formulation. Over the first month of 

measurement, the 50 w/w% loading formulation reached equilibrium and the rate of 

release for the rest of the 23 week time period was negligible. After 1 month, the 30 

w/w% formulation and the 15 w/w% loading formulation exhibited sustained release 

through 23 weeks of measurement. 
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Table 5. Release rate of phosphate ion from K2HPO4 solution from ethylene glycol based 
polyurethane microcapsules at 2.4 M in a resin based varnish.  The table represents the 
release rates in ppm per day between sample days from microcapsules loaded at 3 to 50 
w/w% in a resin based varnish formulation. 
 

Time 
(weeks) 

3 w/w% 
loading 

9 w/w% 
loading 

15 w/w% 
loading 

30 w/w% 
loading 

50 w/w% 
loading 

day 1 2.0 8.5 10.9 15.6 113.1 
day 4 0.1 1.1 1.3 9.8 131.1 

1 0.02 1.1 0.5 10.8 22.3 
4 0.1 0.7 1.2 7.1 2.3 
8 0.03 0.5 0.7 2.6 -1.6 
12 0.04 0.5 0.8 0.6 -0.2 
16 0.02 0.3 0.2 0.2 1.0 
19 0.03 0.3 0.3 0.3 -1.6 
23 0.03 0.2 0.3 0.9 1.1 
27 0.03 0.5 0.02   
31 0.00 0.2 0.3   
35 0.05 0.1 0.2   
39 0.04 0.5 0.3   
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Figure 8. Release rate of phosphate ion, in ppm per gram of formulation per day between 
measurements, from a 2.4 M K2HPO4 solution from ethylene glycol based polyurethane 
microcapsules loading at 3, 9, and 15 w/w% in a resin based varnish formulation from 
day 1 through week 39. 
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Figure 9. Release rate of phosphate ion, in ppm per gram of formulation per day between 
measurements, from a 2.4 M K2HPO4 solution from ethylene glycol based polyurethane 
microcapsules loading at 15, 30, and 50 w/w% in a resin based varnish formulation from 
day 1 through week 23. 
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4.6 Effect of Initial Concentration of Salt in Microcapsules on Phosphate Ion 

Release 

Different concentrations of phosphate salt solutions were another variable 

incorporated into this research. The concentrations used, 0.8 M K2HPO4, 2.4 M K2HPO4 

and 4.0 M K2HPO4 were studied to determine the effect of initial salt concentration inside 

the microcapsule on the rate of ion release. In Table 6, profiles of phosphate ion released 

into nanopure water are shown for 15 w/w% loading of a resin based varnish formulation 

with 0.8 M K2HPO4, 2.4 M K2HPO4, and 4.0 M K2HPO4 filled ethylene glycol based 

polyurethane microcapsules over time (weeks). Table 6 shows that at time zero, all of the 

concentrations studied released less than 1 ppm of phosphate ion. 

The phosphate ion release as a function of initial phosphate concentration is 

shown in Figure 10a. This data is also plotted as a function of time in Figure 10b. After 1 

day of measurement, the normalized total ion release concentration (ppm/gram of 

formulation) of the 2.4 M formulation was greater than the 4.0 M formulation, which was 

greater than the 0.8 M formulation. This trend held for the next 3 days of measurement. 

After 1 week, the trend changed to the 4.0 M formulation having a total ion release 

concentration greater than the 2.4 M formulation, which was greater 0.8 M formulation. 

After 2 weeks, a general trend over the next 23 weeks reported between 4 to 5 times more 

total ion release for the 2.4 M formulation, and between 5 to 6 times more total ion 

release for the 4.0 M formulation when compared to the total ion release of the 0.8 M 

formulation. 
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Table 6. Normalized ppm of phosphate ion release, into nanopure water, as a function of 
initial concentration of K2HPO4 solution in ethylene glycol based polyurethane 
microcapsules formulated into a resin based varnish (15 w/w% loading of microcapsules 
in resin varnish formulation). 

 
 0.8 M K2HPO4 2.4 M K2HPO4 4.0 M K2HPO4 

Time 
(days) PPM PPM PPM 

0 0.1 0.7 0.1 
15 minutes 0.6 1.8 0.7 
30 minutes 0.8 2.8 0.7 

1 hour 1.0 3.6 1.5 
1 3.2 10.9 7.5 
4 3.7 14.9 13.3 
7 4.4 16.4 18.1 
14 6.1 21.5 28.4 
21 7.4 36.1 41.6 
28 9.7 42.1 51.0 
35 11.4 47.4 57.6 
42 12.5 52.8 66.1 
49 14.1 61.8 73.0 
56 16.8 64.3 79.8 
63 17.6 71.0 87.7 
70 18.6 77.3 99.5 
77 18.4 80.6 102.5 
84 19.7 84.5 108.4 
91 20.3 85.4 107.3 
98 20.5 87.8 113.5 
105 20.2 85.7 120.8 
112 21.9 90.7 120.7 
119 21.6 93.6 123.2 
133 22.7 96.2 129.3 
147 23.4 98.6 134.9 
161 24.8 103.7 144.9 
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Figure 10a. Normalized concentration (ppm/gram of formulation) of phosphate ion 
release from a resin based varnish formulation containing ethylene glycol based 
polyurethane microcapsules as a function of initial concentration from day 1 through 
week 23 (15 w/w% loading of microcapsules in a resin based varnish formulation).  
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Figure 10b. Normalized concentration (ppm/gram of formulation) of phosphate ion 
release from 0.8, 2.4, and 4.0 M K2HPO4 filled ethylene glycol based polyurethane 
microcapsules formulated in a resin based varnish as a function of time from day 1 
through week 23 (15 w/w% loading of microcapsules in a resin based varnish 
formulation). 
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4.7 Effect of Initial Concentration of Salt Solution in Microcapsules on the Rate of 

Phosphate Ion Release 

The release data of the 0.8, 2.4, and 4.0 M K2HPO4 filled 15 w/w% ethylene 

glycol based polyurethane microcapsules in a resin based varnish formulation was 

examined by plotting the amount of ion release between measurements as a function of 

time between those measurements as seen in Table 7. For example, if we examine the 

release rate of the 2.4 M formulation from day 1 through day 4, a total of 10.9 ppm of 

phosphate ion had already been released on day 1 for this sample. On day 4, 14.9 ppm of 

phosphate ion had been released. Therefore there was 4.0 ppm of phosphate ion released 

over the course of these 3 days. This correlated to a phosphate ion release of 1.3 ppm per 

day. This total value of 1.3 ppm per day was plotted as the y-axis value for rate of ion 

release (ppm per day) versus day 4 on the x-axis for time as seen in Figure 11.  

The 0.8, 2.4, and 4.0 M K2HPO4 formulations each exhibited the greatest rate of 

phosphate ion release over a given time period on the first day. The order of release on 

day 1 from greatest to least was the 2.4 M formulation, followed by the 4.0 M 

formulation and lastly the 0.8 M formulation. Over the next 3 days after day 1, the trend 

switched to the 4.0 M formulation releasing phosphate ion at a rate greater than the 2.4 M 

formulation, which released at a rate greater than the 0.8 M formulation. Over the course 

of three weeks, after day 4, the trend changed again to the 2.4 M formulation release rate 

being greater than the 4.0 M formulation, which was greater than the 0.8 M formulation. 

From week 3 to week 4, the trend changed again to the 4.0 M K2HPO4 formulation 

releasing at a rate greater than the 2.4 M formulation, which was greater than the 0.8 M 

formulation. After 1 month, the trend remained the same and a sustained release of 
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phosphate ion was observed for all 3 of the initial concentrations studied through 23 

weeks.   

 
 
Table 7. Release rate of phosphate ion from 0.8 M, 2.4 M, and 4.0 M K2HPO4 solution 
from ethylene glycol based polyurethane microcapsules in a resin based varnish.  The 
table represents the release rates in ppm per day between sample days from 15 w/w% 
loading of microcapsules in a resin varnish formulation. 
 

 
0.8 M 

K2HPO4 
2.4 M 

K2HPO4 
4.0 M 

K2HPO4 
Time 

(weeks) PPM PPM PPM 
day 1 3.2 10.9 7.5 
day 4 0.2 1.3 1.9 

1 0.2 0.5 1.6 
2 0.2 0.7 1.5 
3 0.2 2.1 1.9 
4 0.3 0.9 1.4 
8 0.3 0.8 1.0 
12 0.1 0.7 1.0 
16 0.08 0.2 0.4 
19 0.04 0.3 0.4 
23 0.08 0.3 0.6 
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Figure 11. Release rate of phosphate ion, in ppm per gram of formulation per day 
between measurements, from 0.8 M, 2.4 M, and 4.0 M K2HPO4 solution from ethylene 
glycol based polyurethane microcapsules in a 15 w/w% loading of microcapsules in a 
resin based varnish formulation from day 1 through week 23. 
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Chapter 5 

Discussion 
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This research was conducted to establish a ubiquitous method for delivering ions 

in their bioavailable form that could be applied in a variety of dentifrices. Polyurethane 

based microcapsules were formulated into an experimental resin based varnish that 

incorporated individually encapsulated calcium, phosphate and fluoride salt solutions. 

The purpose of this study was to determine some of the key variables that could effect ion 

release rate from microcapsules formulated into a resin based varnish. These variables 

included looking at the identity of the salt, the chemical structure of the microcapsules, 

the w/w% loading of the microcapsules in a resin varnish and the initial salt concentration 

in the microcapsules. 

Sorption and solubility is directly influenced by the hydrophilicity and polarity of 

a resin polymer as well as the cross-linking density and porosity of the network.18,19 The 

sorption of commercially available dental based resins can range from less than 1 w% 

and can exceed 11 w% in accordance with the ISO 4049.20-22 The hydrophilic nature of a 

polymer is determined by the monomers utilized in the polymer. Functional groups such 

as ester linkages found in TEGDMA and urethane linkages found in UDMA leave a 

polymer more hydrolytically susceptible.23,24 The interaction of the polymer and water 

molecules is controlled by its polarity, which controls the availability of hydrogen 

bonding sites.25 Polymer networks that are highly cross-linked typically have a reduced 

amount of free volume that results in a reduction of solvent uptake and some control on 

what molecules can be absorbed. The free volume present facilitates diffusion of fluid 

into and out of the resin polymer. The uptake of water into a polymer matrix occurs by 

way of two methods. In the first method, water diffuses into the free space present in the 

polymer matrix and does not interact with the polymer moving freely as unbound water. 



! ),!

In the second method, diffusion is controlled by the “bonding” of water to hydrophilic 

sites in the polymer.19,24-26 This wetting of the polymer is important in the initiation of the 

movement of ions across the microcapsule membrane as well as through the continuous 

phase of the resin varnish. In order for the ions to be released from the resin based 

varnish formulation they must travel through the microcapsule shell as well as the 

photocured resin polymer network. It is also thought that convection plays a role in the 

movement of ions across a polymer membrane.27,28 

In Figure 3, the total ion release of phosphate, calcium and fluoride ion from 0.8 

M salt solution formulations is shown. When compared to a previous study, where the 

microcapsules were submerged directly into nanopure water, there are some significant 

differences in the release profiles of the ionic species.29 In this study, each ionic species 

was released at a much slower rate when compared to the release rates from our previous 

study. This is probably due to the fact that the microcapsules were formulated into a 

continuous phase, which drastically increased the distance that the ions had to travel 

before they were released into nanopure water. The order of total ion release of the 

previous study showed fluoride ion release greater than calcium ion release, which was 

greater than phosphate ion release. This trend seems to be determined by the size of the 

ion traveling through the microcapsule shell where the fluoride ion is smaller than the 

calcium ion which is smaller than the phosphate ion. When the microcapsules were 

formulated in the resin based varnish the trend was reversed. From a resin based varnish 

the fluoride ion released the slowest and phosphate ion the quickest. The continuous 

phase of the resin based varnish is a made up of MMA, UDMA, and TEGDMA that 

when polymerized result in a highly cross-linked polymer. The polymerization of these 
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monomers results in the presence of acrylate groups. These acrylate groups have the 

ability to interact with the ions as they diffuse through the resin varnish which could 

explain why fluoride ion release is so much slower when compared to the findings of our 

previous study.29 This interaction may be explained by the fact that the ionic charge of 

fluoride is distributed over a smaller area because the size of the ion is smaller than the 

phosphate and calcium ions. The fact that the fluoride ion charge is distributed over a 

smaller area, is less polarizable, may provide for a stronger interaction with the 

continuous phase resulting in its significantly slower ion release rate when compared to 

the larger phosphate and calcium ions. 

The total ion release of phosphate ion from ethylene glycol and 1,4-butanediol 

based polyurethane microcapsules in a resin varnish formulation is shown in Figure 4.  In 

our previous study, the 3.0 M K2HPO4 ethylene glycol based microcapsule formulation 

initially released phosphate ion at a greater rate than the 3.0 M K2HPO4 1,4-butanediol 

based microcapsule formulation.29 This trend is different from the data reported in our 

current research where the 2.4 M K2HPO4 filled 1,4-butanediol based microcapsules 

formulation released more total phosphate ion than the ethylene glycol based 

microcapsules over the 12 weeks of observed measurement. This change in trend could 

be a result of a difference in the rate of diffusion of the phosphate ion from the 

microcapsule shell into the resin, where the rate of diffusion of phosphate ion from the 

hydrophobic 1,4-butanediol microcapsule shell into the resin was faster than from the 

hydrophilic ethylene glycol microcapsule shell. Therefore, a partitioning effect may 

explain the faster release of ion from the hydrophobic microcapsule shell relative to the 

hydrophilic microcapsule shell. 
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Figures 6a through 7b show the release rate of phosphate ion from resin 

formulations with different w/w% loading of 2.4 M K2HPO4 ethylene glycol based 

polyurethane microcapsules. When compared to the 3 w/w% loading formulation after 

week 1 the 9 w/w% loading formulation released roughly 9 times more phosphate ion 

while the 15 w/w% loading formulation released 12 times more phosphate ion. After 

week 1, the 30 w/w% loading formulation released approximately 50 times more 

phosphate ion while the 50 w/w% loading formulation released over 80 times more 

phosphate ion. These results show that more phosphate ion is initially released than was 

expected as the w/w% loading of microcapsules increased. This could be explained by 

the fact that the phosphate ions diffuse slowly from the microcapsule into the resin 

varnish continuous phase. Once in the continuous phase, the ions diffuse into the 

nanopure water at a slow enough rate, that a concentration gradient is developed between 

the continuous phase and the nanopure. In a formulation with more microcapsules (e.g. 

50 w/w %) a large potential develops between the continuous phase and nanopure water 

that increases the rate of ion release. 

To examine the role of initial salt concentration on ion release rates, initial 

concentrations were varied. Figure 10b shows during the first week, the 2.4 M K2HPO4 

formulation released slightly more phosphate ion than the 4.0 M K2HPO4 formulation. 

The 4.0 M K2HPO4 formulation released more than the 0.8 M K2HPO4 formulation. After 

the first week, when compared to the 0.8 M formulation, the 2.4 M formulation averaged 

roughly 4 times more total phosphate ion release. The 4.0 M formulation release rate was 

slightly lower than the 2.4 M formulation during week 1 averaging just over 3 times more 

total ion release than the 0.8 M formulation. Over the next 22 weeks the 4.0 M 
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formulation averaged about 5.5 times more phosphate ion release than the 0.8 M 

formulation. The initial lower release rate of the 4.0 M formulation when compared to the 

2.4 M formulation may be explained by indirect relationship between viscosity and 

diffusion coefficient. The higher viscosity of the salt solution in 4.0 M formulation most 

likely explains the slower initial rate of release of phosphate ion because the increased 

viscosity may have caused a decrease in the diffusion rate. This is explained by the 

Stokes-Einstein equation where the diffusion coefficient (D) is equal to the Boltzmann 

constant (kB) and temperature (T) divided by the viscosity of the solvent (n) and the 

radius of the particle diffusing (R). This shows that viscosity and the diffusion coefficient 

have an inverse relationship, as viscosity increases the diffusion coefficient decreases.30   

 

5.1 Conclusions 

The data from these results show that the incorporation ion releasing microcapsules into a 

wide array of dental resin based restorative materials is feasible. There is also the ability 

to tune the formulation to tailor it for certain applications. The microcapsules can be 

formulated into anything from a resin based varnish designed for 24 hours of ion release, 

to a posterior dental composite where ion release is desired for up to 18 months or longer. 

Further studies are being conducted to determine the efficacy of this approach with 

respect to the potential for enamel remineralization. 
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