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Abstract 

Deciphering pH Effects on the Peptide-guided Nucleation and Growth of Hydroxyapatite and 

Peptide-Ion Interactions for Dentin Hypersensitivity Treatment 

 

Yousef Mohammed Baioumy 

 

Chair of the Supervisory Committee: 

Professor Mehmet Sarikaya 

Materials Science and Engineering 

 

With enamel demineralization being a significant factor in the development of dentinal 

hypersensitivity, it has been an enormous endeavor to restore the enamel. Incorporating a 

biomimetic approach to tooth repair has been a long-lasting challenge, especially in integrating a 

newly constructed mineral layer to the molecular structure of the tooth, e.g. enamel and dentin. 

GEMSEC’s (Genetically Engineered Materials Science and Engineering Center) previous 

research evaluated the amelogenin-derived peptide sADP5 in guiding the remineralization of 

enamel and the ability to control the biomimetic mineral layer properties. Not only was 

remineralization achieved, but mineral integration into the tooth structure was successful in a 

modeled oral environment. This led to the development of a market introductory remineralizing 

tooth whitening dental product in the form of a lozenge as a delivery mechanism for 

remineralization in the oral cavity. This work was only limited to a constant saliva temperature 

and pH. Saliva pH is variable and dynamic and can alter hydroxyapatite crystal-growth 



 
 

mechanisms. This thesis focused on the unexplored pH effects on the nucleation and growth of 

the newly formed mineral layer, as well as its effects on peptide characteristics, behavior, and 

interaction with surrounding ions. The resulting optimal pH for mineralization is used as a 

testing parameter in the lozenge delivered remineralization approach. Calcium assays were 

performed to measure the calcium consumption throughout time. Structural characterization was 

done using a scanning electron microscope (SEM), observing the mineral morphology, thickness, 

and structural integration. The results suggested that the peptide-guided nucleation and growth of 

the new mineral on the tooth surface can be controlled with pH. With each application of the 

remineralizing tooth whitening lozenge, under the pH condition determined in the pH 

experiments, there were clearly observable increases in the thickness of the newly formed 

mineral layer. The knowledge developed in this thesis will contribute to the future in everyday 

dental care products and change the way the oral health care system approaches treatments in 

periodontal diseases.  
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1. Introduction – Problem Statement and Thesis Approach 

1.1 Current Problem 

The enamel protects the overall hierarchical structure of the tooth (Figure 1). The enamel is 

composed of 92 vol% hydroxyapatite1.  

Hydroxyapatite is a naturally occurring calcium phosphate ceramic mineral with a chemical 

formula of Ca5(PO4)3OH2,3. Enamel is always subjected to demineralization and natural 

remineralization. If demineralization outweighs the remineralization, this can lead to common 

dental ailments such as hypersensitivity and caries.  dentinal hypersensitivity is a common 

clinical condition that affects people of any age group and is usually associated with exposed 

dentin surfaces4. Dentin may become exposed via several means. For example, the enamel or 

cementum, which normally covers and protects the dentin surface, may be removed or denuded 

as a result of attrition, abrasion or erosion5. The exposure of dentin can be caused by either loss 

of enamel or loss of gingival tissue. Loss of gingival tissue can be caused by attachment loss due 

  

 

 

 

 

 

 

 

 

 

 

Figure 1: Anatomy of the tooth 
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to periodontal disease or mechanical trauma, such as over-zealous toothbrushing causing trauma 

to the supporting periodontal tissue6. Current common treatments of hypersensitivity include 

among others fluoride treatments, desensitization of pulpal nerves and occlusion of dental 

tubules7,8.  

1.2 Current Approaches for Hypersensitivity Treatment 

Desensitization of pulpal nerves is a widely used approach in toothpastes for the relief of dentin 

hypersensitivity and utilizes potassium ions as a means of depolarizing nerve cells9. Sensodyne® 

is an example of products of this type. For the occlusion of dentin tubules, two different 

formulations have been used; stannous fluoride and arginine containing formulations10,11. 

Stannous fluoride (Tin (II) Fluoride) produces an occlusive layer over the surface of exposed 

dentin and within dentin tubules12. With arginine containing formulations, the hypothesis is that 

arginine binds to dentin with the subsequent deposition of calcium from a chalk containing 

formulation13.  

There are limitations to these methods. Desensitizing pulpal nerves does not provide a permanent 

treatment of hypersensitivity. It relieves the pain, but does not completely prevent enamel 

demineralization in the long term14. Stannous fluoride only prevents from surface 

demineralization. It is not effective in the subsurface lesions15. Arginine containing formulations 

lack a phosphate source and would be dependent upon sequestration of phosphate from the 

saliva16.  

Dental Enamel Extracellular Matrix (ECM) proteins have been used as agents to treat tooth 

damage caused by periodontal diseases. These proteins have been shown to have effects on cell 

attachment, spreading, and chemotaxis; cell proliferation and survival; expression of 

transcription factors; expression of growth factors, cytokines, extracellular matrix constituents, 
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and other macromolecules; and expression of molecules involved in the regulation of bone 

remodeling17. Traditionally, ECM proteins are associated with amelogenesis, in which 

ameloblasts synthesize and secrete ECM proteins including amelogenin and enamelin18. 

Amelogenin proteins play a significant role in the regulation of hydroxyapatite crystal growth 

during the formation of enamel. ECM protein functions go beyond enamel biomineralization. 

They are considered to be involved in cell differentiation for tooth crown development19–25.  

ECM proteins are also available as a therapeutic agent called Emdogain®, consisting of an 

enamel matrix derivative, water, and propylene glycol alginate. Emdogain® is clinically used for 

the periodontal regeneration of teeth affected by periodontal diseases17. Although Emdogain® has 

been used successfully for bone regeneration, there are limitations to ECM proteins due to the 

financial and technical challenges in the methods for obtaining these proteins26. Since these are 

not yet feasible for hypersensitivity treatment through remineralization, research has focused on 

developing peptides derived from the functional domains of naturally occurring proteins26–35. 

There have been many attempts made in the biomimetic remineralization of enamel, dentin, and 

cementum for the restoration of the tooth structure and function. These studies have included the 

use of full-length amelogenin36,37, Leucine-rich amelogenin peptide38, peptides39,40, dendrimers41, 

and physical chemistry approaches41,42. Though these studies influenced the motivation for tooth 

repair, no clinical product has become known to biomimetically remineralize the enamel in vivo. 

The methods for biomimetic tooth repair were first inspired by the successful biomineralization 

of hydroxyapatite using a peptide-based hydrogel containing the multifunctional peptide MDG1 

(Mineral Directing Gelator)43. This then led to the discovery of amelogenin-derived peptides, in 

which the ADP5 peptide was selected for the construction of a cementum-like biomineralized 

microlayer to biomimetically treat periodontal diseases such as hypersensitivity26. Furthermore, 
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the ADP5 peptide has been shortened and improved to be applied in the remineralization of 

human enamel to treat dental carries44. 

1.3 Understanding the Hierarchical Structure of the Tooth 

To successfully carry out a biomimetic approach to tooth repair, the structure and function of the 

tooth must first be understood. The tooth is a perfect device evolved through eons in biology, 

varying in different architectures in many species, adapted for the most optimal function. Much 

of the properties that contribute to the function of the tooth come from its hierarchical structure. 

The enamel is composed of 92 vol% hydroxyapatite, 2 vol.% collagen and 6 vol.% water. Dentin 

is a composite composed of 50 vol% mineral, collagen, and other proteins (~30 vol.%) and water 

(~20 vol.%)45. The enamel consists of a collection of nanorods of about 5 μm in diameter, each 

of which are bundles of hydroxyapatite nanocrystals 50 nm in diameter. This structure is a factor 

of enamel’s hardness and toughness. Dentin is composed of tubules of about 1.5 μm in diameter 

that are perpendicular to the pulp46. The purpose of these tubules is for nutrient supply from the 

pulp to the dentin tissue47. The most important component of the tooth structure that is often 

overlooked is the cementum. It is made up of 50 vol% inorganic material (hydroxyapatite) and 

50% organic material (water, collagen, proteoglycan)48. Since the cementum layer is at the 

interface between the dentin and the periodontal ligament, it is crucial that the cementum layer 

should be restored to prevent periodontal tissue attachment loss and create a healthy 

periodontium with healthy gingiva.  

Previous studies suggest that enamel is made up of anisotropic hydroxyapatite nanorods49. There 

is a consequence to this assumption, as it proposes that enamel experiences fracturing frequently. 

It turns out that this is found not to be true. Studies support that enamel is measured to be about 

three times tougher than geological hydroxyapatite. This concludes that even though enamel is a 
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composite ceramic that is thought of as being brittle, the hydroxyapatite crystals have a unique 

and complex three-dimensional orientation within the structure of the enamel. Enamel also 

contains biological precipitates such as proteins and other inorganics that give rise to the sole 

properties and functionality of enamel49,50.  

The structural integrity of the tooth is primarily due to the interface between the dentin and 

enamel (the dentin-enamel junction (DEJ)) and that between the dentin and cementum, the 

(dentin-cementum junction (DCJ))51. From the dentin to the enamel or cementum, the mineral 

concentration increases in a gradient, allowing for structural integration between the dentin and 

the outer hard tissues of the tooth. An investigation studying nano-hardness and elastic modulus 

of human incisor teeth across the DEJ showed there were decreasing trends in both hardness and 

elastic modulus across the DEJ zone profiling from enamel to dentin. The continuous variation in 

the ratios of relative amount of enamel and dentin influenced the nano-mechanical property 

profiles across the DEJ. This is crucial in describing the characteristics of the DEJ, and the 

structural and mechanical integration of the two tissues. Increasing the contact area across the 

interface between the two hard tissues will allow the stresses to dissipate, reducing interfacial 

stress concentrations at the DEJ, and therefore fostering effective load transfer from the hard 

(brittle) enamel to soft (tough) dentin52.  

1.4 GEMSEC’s Biomimetic Solution 

Previous research in the Genetically Engineered Materials Science and Engineering Center 

(GEMSEC) laboratory evaluated the biomimetic approach to treat dentin hypersensitivity 

through an amelogenin protein-derived peptide called sADP5 (shortened human amelogenin-

derived peptide 5) (Figure 2)44.  
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In this study, it was proven that the sADP5 peptide exerted the fastest mineralization kinetics, 

close to that of amelogenin (the naturally occurring tooth developing protein)26,53. The 

remineralization of human enamel and restoration of dentin via formation of crystalline 

hydroxyapatite on artificially created white spot lesions with the introduction of Ca2+ and PO4
3- 

ions under variable conditions was demonstrated. A major finding from this previous work 

suggested that the sADP5 can also deliver and incorporate fluoride ions into the remineralized  

layer even at low fluoride concentrations. After demonstrating the in vivo efficacy of peptide-

guided remineralization treatment of demineralized hard tissues, a therapeutic dental product was 

proposed in the form of a lozenge to translate peptide-guided remineralization into clinical 

settings, and the first working prototype was developed (Figure 3)54. 

 

 

 

 

  

 

 

 

 

 

Figure 2: From the natural tooth forming protein, amelogenin (green), and the use of 

bioinformatics, peptides were select based on binding strength, biomineralization activity, 

kinetics, and mineral formation type. Four weak binders (yellow) and four strong binders 

(blue) were derived from amelogenin. For the purposes of creating a dental product, ADP5 

was selected to be the most useful, as it replicated the kinetics of amelogenin37.  
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The findings demonstrated that not only did the lozenge enable the remineralization of enamel, 

but it also provided a whitening effect, making the product both therapeutic and cosmetic.  

 

 

1.5 Remineralizing Tooth Whitening Lozenges 

With the introduction of at-home whitening, and easy access to whitening methods prescribed by 

dental professionals, the popularity of dental whitening has increased significantly, allowing 

people to seek frequent whitening treatments55. The current whitening products contain abrasive 

chemicals or whiten through methods that can be damaging to the oral environment. These 

products include corrosive whitening agents such as hydrogen peroxide. 

 Over the counter (OTC) whitening strips and clinical whitening gels can contain peroxide-based 

chemicals at concentrations between 10% - 40%56. These chemicals dissolve the tooth mineral, 

making the enamel (the crown of the tooth) thinner. Although this gives a fresh and pristine 

surface, it is at the expense of the enamel by removing minerals on the surface.  

The American Dental Association reports that enamel erosion caused by peroxide 

demineralization can lead to adverse effects: hypersensitivity (occurring in 64% of patients), 

gum recession, pulp inflammation and cavities due to regular use of whitening products57–59. 

 

 

 

 

 

 

 

 

 

Figure 3: First working prototype of core-and-shell remineralizing tooth whitening lozenges 
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It is proposed that the developed remineralizing and tooth whitening lozenge provides a healthier 

solution to teeth whitening without permanently damaging the mineral tissues. This is the ideal 

approach because the lozenges whiten the teeth by adding fresh mineral onto the surface, giving 

a whiter appearance while restoring the enamel54. This is made possible using amelogenin-

derived peptides26. The lozenges may be used as a vehicle to deliver the active ingredients, 

which include Ca2+, PO4
3-, and the sADP5 peptide in a systematic way to biomimetically provide 

tooth whitening.  
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2. The Goals of this Thesis 

The goal of this thesis is to analyze the effects of changing experimental conditions on mineral 

formation in response to precursor ions in solution. The hypothesis is that by changing 

experimental conditions such as pH, differences in mineral formation occurs. Previous 

observations explain what would happen when mixing CaCl2 (a calcium source) with KH2PO4 (a 

phosphate source) in a biological buffer at a neutral pH of around 7.0. Hydroxyapatite mineral is 

formed through two pathways: homogeneous nucleation and heterogeneous nucleation60. 

Homogeneous nucleation occurs in solution, whereas heterogeneous nucleation occurs on a 

surface of foreign particles (Figure 4)61. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Physical illustrations of the homogeneous and heterogeneous 

nucleation of hydroxyapatite nanocrystals 
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Heterogenous nucleation is thermodynamically more favorable62. Theoretically, when 

homogeneous nucleation occurs, the formation of a solid nucleus leads to a Gibbs free energy 

change, given by the following formula63: 

∆𝐺 = 𝐺2 − 𝐺1 = −𝑉𝑆(𝐺𝑣
𝐿 − 𝐺𝑣

𝑆) + 𝐴𝑆𝐿𝛾𝑆𝐿  

where 𝑉𝑆 is the volume of a solid spherical nucleus, 𝐴𝑆𝐿  is the solid/liquid interface area, 𝛾𝑆𝐿  is 

the solid/liquid interfacial energy, and ∆𝐺𝑣 = 𝐺𝑣
𝐿 − 𝐺𝑣

𝑆  is the difference between free energies 

per unit volume of the solid and liquid phases. At constant standard temperature and pressure, 

the thermodynamic definition of the volumetric Gibbs free energy is: 

∆𝐺𝑣 = ∆𝐻𝑣 − 𝑇∆𝑆𝑣 

where ∆𝐻𝑣 is the volumetric enthalpy change in the system, 𝑇 is the temperature in the system, 

and ∆𝑆𝑣 is the volumetric entropic change in the system. Assuming a spherical nucleus, the 

simplified Gibbs free energy is written as: 

∆𝐺𝑟 = 𝐺2 − 𝐺1 = −
4

3
𝜋𝑟3(𝐺𝑣

𝐿 − 𝐺𝑣
𝑆) + 4𝜋𝑟2𝛾𝑆𝐿  

During the process of nucleation, the radius of the nucleus reaches a critical radius before crystal 

growth occurs. The critical nucleus size is given by the following relation: 

𝑟∗ =
2𝛾𝑆𝐿

∆𝐺𝑣
 

The Gibbs free energy change that is involved in the radius growth of the nucleus to the critical 

size is the critical Gibbs free energy change of nucleation, or growth activation energy, given by: 

∆𝐺∗ =
16𝜋(𝛾𝑆𝐿)3

3(∆𝐺𝑣)2
 

Heterogeneous nucleation is energetically more preferred. It forms at preferential sites such as 

phase boundaries or nucleation site, solid surfaces, or foreign particles. At these sites, the 

effective surface energy is lower, and this diminishes the free energy barrier, facilitating 
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nucleation. The energetics for heterogeneous nucleation is like that of homogeneous nucleation, 

except for some additional characteristics. There are two additional interfacial energy terms that 

contribute to heterogeneous nucleation; the interfacial energy between the liquid and surface 

(𝛾𝐿𝑆′) and the interfacial energy between the solid nucleus and the surface (𝛾𝑆𝑆′). The interfacial 

energy balance in the plane of the surface gives the relation: 

𝛾𝐿𝑆′ = 𝛾𝑆𝑆′ + 𝛾𝑆𝐿cos⁡(𝜃) 

where 𝜃 is the wetting angle. Thus, the Gibbs free energy change for heterogeneous nucleation is 

as follows: 

∆𝐺𝑟
ℎ𝑒𝑡 = −𝑉𝑆∆𝐺𝑣 + 𝐴

𝑆𝐿𝛾𝑆𝐿 + 𝐴𝑆𝑆
′
𝛾𝑆𝑆

′
− 𝐴𝑆𝑆

′
𝛾𝐿𝑆′ 

By utilizing the interfacial energy balance given above, this simplifies to: 

∆𝐺𝑟
ℎ𝑜𝑚𝐹(𝜃) 

where, 𝐹(𝜃) =
(2+cos(𝜃))(1−cos(𝜃))2

4
. The critical nucleus size for heterogeneous nucleation is the 

same as homogeneous nucleation, however the critical Gibbs free energy change of nucleation is 

given by: 

∆𝐺ℎ𝑒𝑡
∗ = 𝐹(𝜃)∆𝐺ℎ𝑜𝑚

∗  

Figure 5 below plots the energetic profile with particle radius growth.  
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The biomineralization of inorganic materials involves the reaction of precursor reactants to 

produce nanoparticles of a desired biomaterial in an aqueous environment. The saturation of 

these particles in the system initiates nucleation. Due to the nucleation energy barrier, energy 

must be added to the system to overcome this energy barrier. This is mainly done by increasing 

the temperature of the system. In a biological environment, the temperature is constant, and thus 

the energy is obtained elsewhere. The source of this energy comes from the Gibbs free energy 

change in the mineralization reaction due to the chemical potentials of the molecules in the 

system, as well as the peptide involved as an enzymatic catalyst.  

Energy that can be absorbed or released due to a change of the particle number of a given species 

is referred to as the chemical potential, and is defined as the partial Gibbs free energy as shown 

below: 

𝜇𝑖 = (
𝜕𝐺

𝜕𝑁𝑖
)
𝑇,𝑃,𝑁𝑗≠𝑖

 

Rearranging, this can be rewritten as 𝑑𝐺 = ∑ 𝜇𝑖𝑑𝑁𝑖
𝑛
𝑖=1 . This energy change is partly responsible 

for overcoming the nucleation energy barrier. 

 

Figure 5: Free energy profile of nucleation and growth. 
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The sADP5 peptide functions as an enzymatic biocatalyst in the biomineralization of 

hydroxyapatite on the dentin surface. It increases the rate of the mineralization reaction at 

standard temperatures and pressures without being consumed in it by lowering the activation 

energy. The peptides lower the activation energy by bringing reactants closer and orienting them 

in a specific way or weakening their bonds64. It is hypothesized that the surface-bonded peptides 

serve as nucleation sites, and thus decrease the nucleation energy barrier. 

The peptides work best within a narrow range of temperatures and pH called the optimal 

temperature and optimal pH. These have significant effects on the behavior of the enzyme. 

Therefore, optimizing these parameters against the enzymatic characteristics will allow for the 

development of specific crystallization methods. Since the saliva temperature is mostly constant, 

it is more significant to investigate the effects of pH on peptide function. If crystals are grown in 

a narrow pH range, then it is reasonable to assume that the crystals at the upper and lower limits 

will be fundamentally different. The pH is one of the most powerful ways to induce 

crystallization. Studies have shown that many proteins have been crystalized in the absence of 

precipitation just by manipulating the pH 65,66. Due to this, relevant experiments have shown that 

the specific buffer must also be considered to be a potentially consequential variable 67–69. The 

pH is a strong determination of the protonation state of each amino acid on a protein, and thus 

influences its electrostatic field, conformation, and how it interacts with other molecules. 

Considering the information described above, and the fact that nucleation is preferred to occur 

specifically on a tooth surface, heterogenous nucleation must be maximized, and homogenous 

nucleation minimized. The way to control this is by varying the pH65,67–71. 
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The pH expresses the acidity or alkalinity of a solution and is dependent upon the concentration 

of free H+ and OH- in the solution. The governing chemical reaction to form hydroxyapatite is as 

follows72–75: 

 

5𝐶𝑎𝐶𝑙2 + 3𝐾𝐻2𝑃𝑂4 ⁡
𝑂𝐻−

→  ⁡𝐶𝑎5(𝑃𝑂4)3𝑂𝐻 

 

Provided that the Ca2+ and PO4
3- sources are supplied stoichiometrically, the hydroxyapatite 

formation will be limited by the concentration of free OH- in the solution. A higher concentration 

of free OH-, and thus a higher pH, will result in a higher rate of reaction. This can cause instant 

homogeneous nucleation, and not allow enough nucleation to occur on the surface76–78. But if the 

free OH- concentration becomes too low, resulting in a low pH, the solution or environment 

becomes more acidic and can demineralize the hydroxyapatite mineral79–82. Which is why there 

should be some common middle ground, where heterogeneous nucleation can be fully 

maximized. By varying the pH of remineralization, observable effects in nucleation are to be 

expected. However, there are limitations to modeling the oral environment in vitro. The pH is 

adjusted easily in vitro, whereas the pH is dynamic and always fluctuating in vivo83,84.  

Saliva naturally prevents demineralization by neutralizing the acid produced by the oral 

bacteria85–87. It can enhance remineralization by supplying calcium, phosphate, and fluoride to 

enamel and dentin88. It is shown that an equilibrium between demineralization and 

remineralization exists in the dental biofilm. With increased metabolic activity of the bacterial, 

the oral pH decreases and is then restored to the resting pH by the buffering effect of the 

saliva85,86,89. If the resting saliva pH and buffering capacity are low, the saliva is more acidic, so 

for patients with low saliva secretion, buffering capacity, or resting pH, they are more likely to 
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experience demineralization of tooth minerals and form caries90–94. The critical pH for the 

enamel and dentin below which demineralization occurs has been reported to be in the range of 

5.2–5.8 and 6.0–6.9, respectively16,95–100. Saliva has a normal pH range of 6.2 – 7.6 with 6.7 

being the average pH101,102. This thesis explored the upper normal pH range between 6.7 and 7.4 

to show that minor changes in pH even at the normal range can have significant effects in 

mineralization.  

The objective was to utilize the previously identified sADP5 peptide to create a mineral layer on 

the exposed dentin surface for the purpose of preventing and treating dentin hypersensitivity44. 

The effects of pH on biomineralization were observed using Scanning Electron Microscopy 

(SEM). The fundamental experimental approach was to prepare dentin disk samples about 1-4 

mm thick, completely expose the dentin surface, biomineralize the sample in solution given 

specified pH values and precursor ion concentration levels, then characterize the mineral 

formation and thickness through SEM. Through SEM, it was shown that heterogeneous 

nucleation occurred in a narrow pH range, and therefore an optimal pH value was determined. 

The newfound knowledge was implemented in the remineralizing and whitening lozenge 

previously formulated in the laboratory to act as a delivery system for the remineralizing active 

ingredients, where further production and testing was carried out, and the dissolution and 

remineralization of these lozenges were characterized by calcium assays and SEM 

characterization respectively. This implementation was to justify that the pH experiments and the 

results can translate to a dental product formulation. Figure 6 shows a schematic of the general 

mechanism of action for the remineralization approach.  
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Figure 6: Mechanism of action for remineralization approach 
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3. Materials and Methods 

3.1 pH Effect on Nucleation and Growth 

3.1.1 Sample Preparation 

Extracted human molar teeth with no restorations were collected from the UW Dental School 

and disinfected in 10% aqueous bleach solutions. Prior to the experiments, the teeth were cleaned 

to remove visible blood, gross debris, and soft connective tissue using a dental scaler under a 

light microscope. Samples chosen for testing were taken for cutting. The samples were cut into 

discs of about 1-4 mm thick using a low speed saw (IsoMetTM, Buehler, Lake Bluff, IL, United 

States), as illustrated in Figure 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Dentin discs are cut using an IsoMetTM slow speed saw, then polished and etched to 

expose the dentin surface. 
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The discs were sonicated to remove any deposited debris from cutting and kept submerged in DI 

water to avoid the tooth samples from drying out. The samples were polished using diamond 

lapping films to a 0.1 μm finish. The dentin surfaces were demineralized with 35% phosphoric 

acid gel for 10 seconds, then rinsed with DI water to remove the excess acid etchants from the 

surface. The samples were then divided into control and test groups (Table 1).  

 

 

 

 

 

 

 

 

 

 

3.1.2 Peptide Design and Synthesis54 

The sADP5 peptide was designed and synthesized using a protocol developed and optimized by 

the peptide synthesis team, supervised by Dr. Deniz Yucesoy, in the GEMSEC group26,44,54. The 

molecular characteristics of this peptide is reported in Table 2. 

 

 

 

 

Table 1: Test groups and treatment procedures 

Table 2: Molecular characteristics of the sADP5 peptide. 
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An automated solid-phase synthesizer (CS336X; CS-Bio, Menlo Park, CA, USA) was used to 

synthesize the peptide through Fmoc-chemistry. The Wang resin (Novabiochem, West Chester, 

PA, USA) was mixed with 20% piperidine in dimethylformamide (DMF; Sigma-Aldrich, St. 

Louis, MO, USA) to remove the Fmoc group. The entering amino acid, which was side-chain 

protected, was activated with N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1- yl)uronium 

hexafluorophosphate (HBTU; Sigma-Aldrich, St Louis, MO, USA) in DMF, then transported 

into the synthesizer and incubated with the Wang resin for a duration of 45 minutes. The resin 

was washed away with DMF, and the same protocol was applied for the addition of each of the 

incoming amino acids. The overall synthesis reaction was monitored by UV-absorbance at 301 

nm. The resulting resin-bound peptides following synthesis were cleaved and the side-chain was 

de-protected using reagent-K [TFA/thioanisole/H2O/phenol/ ethanedithiol (87.5:5:5:2.5), Sigma-

Aldrich, St Louis, MO, USA]. The peptides were solidified using a cold ether solution, and the 

crude peptides were purified by RP-HPLC with up to >98% purity (Gemini 10u C18 110A 

column). The peptide sequence was verified by MALDI-TOF mass spectrometry with a 

reflectron (RETOF-MS) on an Autoflex II (Bruker Daltonics, Billerica, MA, USA). 

3.1.3 Solution Remineralization Procedure 

Before being treated, the previously cut samples were hydrated and equilibrated in 50 mM 

HEPES buffer for 2 hours at a pH of 7.4. The lyophilized sADP5 peptide was dissolved in 50 

mM HEPES buffer to a final concentration of 0.8 mM. The specimens were submerged under the 

sADP5 solution for 10 min at 37oC in an incubator. Control specimens were identically prepared 

only by submerging in buffer alone. At the end of 10 min, the samples were rinsed twice with 

deionized water.  
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Solutions of 9.6 mM CaCl2 and 5.6 mM KH2PO4 were prepared in 50 mM HEPES buffer. The 

solutions were aliquoted and adjusted to pH’s of 6.7, 6.8, 6.9, 7.0, 7.3, and 7.4. The control and 

peptide-coated samples were placed in 1.5 mL of Ca2+ and an equal volume of PO4
3- was added 

to achieve a final concentration of 4.8 mM of Ca2+ and 2.88 mM of PO4
3−. This was done for 

each of the various pH conditions. The specimens were left in a shaker for 2 hours at room 

temperature (Figure 8), then removed and rinsed with DI water. The specimens were then dried 

out in a desiccator to get rid of any humidity on the sample in preparation for SEM 

characterization. Figure 9 shows a schematic of the biomineralization mechanism.  

  

  

 

 

 

 

 

 

 

3.1.4 SEM Characterization – Imaging  

After remineralization was completed, a scanning 

electron microscope (SEM) was used to 

characterize surface texture and morphology. This allows the thickness of the newly formed 

mineral layer in the applicable cross sections to be observed. Before remineralization, notches 

were made at the back of each specimens. After the remineralization step was completed, the 

 

 

 

 

 

 

Figure 8: Dentin specimens in a 6-well plate 

on an automated shaker. From left to right, 

the well plates contain the specimens in the 

remineralization solution at pH’s of 6.8, 7.0, 

and 7.4 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Schematic of biomineralization 

mechanism. 
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specimens were carefully fractured into two segments. The pieces were mounted on a SEM stub 

with the mineralized surface facing up and angled to observe the cross-section. The samples 

were again placed in vacuum to remove residual moisture. Prior to imaging, the samples were 

sputter coated with 5 nm of gold (SPI-Sputter Module Coater, SPI Supplies, West Chester, PA, 

United States). The SEM microscope used was a JEOL-JSM-6010 microscope, operating at 10 

kV.  

3.2 Remineralizing Tooth Whitening Lozenge Production and Testing at Optimal pH 

3.2.1 Materials54 

Reagent purchases: 99% CaCl2 from Alfa Aesar (Ward Hill, MA); KH2PO4 from USB 

Corporation (Cleveland, OH); 99% D-Sorbitol from Sigma-Aldrich (Milwaukee, WI); all other 

chemicals and reagents were purchased from Sigma-Aldrich (Milwaukee, WI), and used as 

received unless otherwise noted. Equipment and facilities: tooth samples were donated from the 

UW School of Dentistry; a Minolta ChromaMeter CR-200 was obtained from Glen H. Johnson, 

DDS, MS, UW School of Dentistry; a ball mill, 9 mm metal dies, and a Carver Model 3853 

hydraulic press were used with the courtesy of the UW Department of Materials Science & 

Engineering. 

3.2.2. Lozenge Formulation and Fabrication 

Using the base formulation developed by Dr. Deniz Yucesoy and Dr. Hanson Fong in the 

GEMSEC group, lozenges were designed and structured in a bilayer architecture, as shown in 

Figure 10 and Figure 11.  
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The outer, colored layers contain the active remineralizing peptide sADP5, and the inner white 

layer contains the ionic Ca2+ and PO4
3- sources. Other inactive ingredients, such as sorbitol 

(sweetener), magnesium stearate (lubricant), mint/peppermint (flavoring), and food dye (color) 

are also included in the formulation. Table 3 lists the ingredients and measurements for the 

formulation.  

 

 

 

 

 

 

 

 

 

To allow for homogeneous dissolution, the blend was prepared using the weight percentages 

shown in Table 3. The blend was grounded in a ball mill at 87 rpm for 20 hours into a fine 

Figure 10: Single image of 

layered lozenge 

Figure 11: Multi-colored lozenges with layered 

architecture 

Table 3: Formula of layered remineralizing tooth whitening lozenges. 
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powder before being put under direct uniaxial compression for fabrication. The lozenges were 

compressed at a force of 11,000 lbf Figure 12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3 Lozenge Dissolution and Remineralization 

To successfully analyze lozenge dissolution and remineralization, the oral environment must be 

simulated as accurately as possible. A USP Dissolution 2 Apparatus is commonly used, in which 

the artificial saliva is stirred with a paddle and shaft system at room temperature and at 100 rpm. 

The apparatus setup used for dissolution and remineralization is illustrated below in Figure 13.  

Figure 12: Carver tablet press (left) and a schematic 

of 9 mm tablet punch press die (right) 
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The tooth samples were prepared the same way described in section 3.1.1 and were placed in the 

system with the lozenge. 10 mL of artificial saliva at the optimal pH determined by the pH 

experiments, later shown to be 6.8, was placed into the system at the start. 5 mL of saliva was 

removed and replaced every minute to simulate swallowing and secretion of fresh saliva. The 

full dissolution and remineralization processes were done in 15 minutes. Samples analyzed were 

treated with 1 round, 2 rounds, and 3 rounds of treatment to track mineral thickness growth. The 

tooth samples were then drip rinsed for 30 seconds with DI water to remove any residual lozenge 

debris that might be deposited on the tooth surface. The samples were transported to a vacuumed 

desiccator to dry the samples before performing SEM characterization.  

3.2.4 Calcium Assay 

A calcium assay is carried out to analyze the calcium consumption during remineralization. 

During lozenge dissolution and remineralization, 50 μL samples of the saliva were taken at 

different moments and placed in 1.5 mL Eppendorf vials. The saliva was sampled at the start (t = 

 

 

 

 

 

 

 

 

 

 

Figure 13: Setup of apparatus 
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0 minutes), then at t = 5 minutes, then at t = 10 minutes, then finally at t = 15 minutes. A 

QuantiChromTM Calcium Assay Kit was used to carry out the analysis. 5 μL samples were taken 

from each of the time-point samples and pipetted in a 96-well plate along the same row. A 1:1 

volume ratio of reagent A and reagent B from the calcium assay kit were mixed to prepare the 

dye. 200 μL of the dye is mixed with each of the 5 μL samples, as followed by the protocol in 

the kit. The well plate is directly placed in a Tecan SafireTM spectrophotometer to measure the 

optical density of the saliva samples. A linear correlation between the optical density and 

calcium concentration is used to determine the calcium consumption over time.  

3.2.5 SEM Characterization – Imaging  

Before remineralization, notches were made at the back of each specimens. After the 

remineralization step was completed, the specimens were carefully fractured into two segments. 

The pieces were mounted on a SEM stub with the mineralized surface facing up and angled to 

observe the cross-section. The samples were again placed in vacuum to remove residual 

moisture. Prior to imaging, the samples were sputter coated with 5 nm of gold (SPI-Sputter 

Module Coater, SPI Supplies, West Chester, PA, United States). The SEM microscope used was 

a JEOL-JSM-6010 microscope, operating at 10 kV. 

3.2.6 Statistical Analysis – Hypothesis Testing  

To describe data discrepancies, a hypothesis test is performed using a t-test approach. Given that 

the null hypothesis is 𝐻0:⁡𝑥̅ = 𝜇, where 𝑥̅ is the sample mean and 𝜇 is the population mean, and 

the significance level is chosen to be 𝛼 = 0.05, the t-value is calculated by the following 

relationship: 

𝑡 =
(𝑥̅ − 𝜇)

𝜎√𝑁
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where 𝜎 is the sample standard deviation and 𝑁 is the sample size. The relevant statistical values 

are reported in Table 5 below for each time point shown in Figure 15 in the results, given a 

sample size of 𝑁 = 3. 
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4. Results 

4.1 pH Effects on Nucleation and Growth 

The first set of results are that from the pH experiments (Figure 14). The control sample that was 

compared is shown in Figure 13a. Notice the exposed tubules on the dentin surface. Figure 13b 

shows the first mineralized test at a pH of 6.7. Figures 5c, d, e, f, and g are the results for pH’s 

6.7, 6.8, 6.9, 7.0, 7.3, and 7.4 respectively.  

 

 

The images suggest that the cracking occurs when the mineral becomes too dense. This may also 

be due to excessive drying, as seen similarly to mud cracks, during sample preparation. Some 

ways to prevent this is to use a lower concentration for remineralization or creating laminated 

mineral layers at higher pH values.  

 

 

 

 

4.2 Remineralizing Tooth Whitening Lozenge Production and Testing at Optimal pH 

The calcium assay results are illustrated in Figure 15, showing the free calcium concentration in 

the saliva throughout time. Table 4 below Figure 15 shows the dissolution results of each trial 

run after one round of lozenge remineralization.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: a. No peptide control sample; b. Mineralization at pH 6.7; c. pH 6.8; d. pH 6.9; e. pH 

7.0; f. pH 7.3; g. pH 7.4 
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Figure 15: Calcium concentration in saliva at a pH of 6.8 throughout time 
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Trial 

Amount Disintegrated 

(mg) 

Dissolution Rate 

(mg/min) 

1 130 8.67 

2 150 10.00 

3 130 8.67 

Average 137 9.17 

Stdev ±9.57 ±0.64 

 

The plots suggest that there is an increase in calcium concentration as time progresses, followed 

by a steady decrease. This is due to the lozenge dissolving quickly at the start, and when the 

disintegration rate slows down, the reaction consumes calcium for hydroxyapatite formation, 

decreasing the calcium concentration. The resulting dissolution measurements reported in Table 

4 suggest that about 70% of the lozenge is dissolved in 15 minutes.  

Table 4: Lozenge dissolution results 
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Figure 16 shows the SEM images of 1, 2, and 3 rounds of lozenge remineralization under a 

controlled pH of 6.8.  

 

The images clearly depict the increasing mineral thickness with each new application of the 

lozenges.  

Table 5 below summarizes the results of the calcium assay hypothesis t-test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: SEM images of layer by layer remineralization of exposed dentin: (a) control 

sample (b)1 round, (c) 2 rounds, and (d) 3 rounds of lozenge remineralization in saliva at a 

pH of 6.8 
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Table 5: Statistical parameters for t-test hypothesis testing  
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5. Discussions 

5.1 pH Effects on Nucleation and Growth 

The impact from this experiment’s results indicates that the pH has a significant effect on the 

thickness of mineral on the surface. Such small changes in pH can have a major effect on 

mineralization103–105. At a pH of 6.8, heterogeneous nucleation was more present than at the 

higher pH conditions of 7.3 and 7.4. However, this does not yet have any clinical significance, 

since the pH range is limited to the normal saliva pH. It is still observed that lowering the pH of 

mineralization to a certain range minimizes homogenous nucleation and maximizes the amount 

of mineral formed on the tooth.  

To understand these phenomena, the pH effects on mineral formation and peptide-ion interaction 

must be discussed. Being reminded of the governing equilibrium ionic reaction given below: 

5𝐶𝑎2+ + 3𝑃𝑂4
3− +𝑂𝐻− 

𝐻𝐸𝑃𝐸𝑆
↔    𝐶𝑎5(𝑃𝑂4)3𝑂𝐻 

If the pH of the system is increased, and therefore the OH- concentration is increased, the 

reaction is forward driven, increasing the rate of reaction. The opposite is true when the pH is 

decreased. This explains mineralization at higher pH levels, whether it is homogeneous or 

heterogeneous nucleation and growth, and demineralization at lower pH levels. Provided that the 

system becomes saturated with hydroxyapatite molecules, heterogeneous nucleation is most 

likely to occur, starting at an onset pH. As the pH increases in value, both homogeneous and 

heterogeneous nucleation can occur together. This explains the effects shown in the SEM results, 

where mineral formation on the surface was less prevalent at the higher pH conditions of 7.3 and 

7.4.  
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The pH of the system also contributes to the behavior and function of the sADP5 peptide 

introduced to the process. Shown in the peptide sequence, the peptide contains amino acids that 

provide multiple protonation and deprotonation sites (Figure 17)44,54.  

 

 

 

 

These sites are represented by the color-coded amino acid symbols in Figure 17, where the 

neutrally charged amino acids are coded in green, positively charged (Lysine and Arginine) in 

blue, and negatively charged (Glutamic acid and Aspatic acid) in red at the physiological pH of 

7.0. These are determined based on the pKa value estimates of each amino acid and their 

protonation or deprotonation sites. One amino acid that is considered an exception is histidine. 

Lone histidine is known to be positively charged at a physiological pH of 7.0. However, when it 

is linked to other amino acids by peptide bonds, the only hydrogen bonding site is exposed by the 

histidine side chain. At pH values above 6, the histidine side chain becomes negatively charged 

due to the side chain having a pKa value of 6. Another important characteristic of the peptide is 

its isoelectric point (pI). The pI is the estimated pH value in which the peptide has a net zero 

charge. At pH values above the pI, the net charge of the peptide is negative; at pH values below 

the pI, the net charge of the peptide is positive (Figure 18).  

 

 

 

S Y E K S H S Q A I N T D R T  

Figure 17: sADP5 peptide sequence with color coded 

protonation/deprotonation amino acid domains. Neutrally charged (green); 

positively charged (blue); negatively charged (red). 

  

 

 

 

 

Figure 18: Schematic of peptide charge at pH value above and below the pI value 

+ - 

pH < pI pH > pI pH = pI = 6.47 
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Using the Prot pi protein tool, a pI value of the sADP5 peptide is estimated to be 6.47 

(https://www.protpi.ch/Calculator/ProteinTool). From titration data predictions performed by the 

center of biochemistry and bioanalytics at the Zurich University of Applied Sciences, the charge 

of the peptide at the determined optimal pH of 6.8 is calculated to be -0.3 coulombs. This slight 

negative charge would improve the peptide-ion interaction with the positively charged calcium 

ions in the system, recruiting the ions to the dentin surface, and catalyzing the mineralization of 

hydroxyapatite. The proposed mechanism of action is that the positively charged domains in the 

peptide attach to the negatively charged dentin surface, whereas the negatively charged domains 

recruit the positively charged calcium ions. However, this mechanism is limited to a specific pH 

range, because the charges of each amino acid is subjected to change if it falls out of that pH 

range. Not only does the peptide interact with the surrounding ions in the environment, but it also 

interacts with itself, resulting in a specific conformation and therefore its function.  

Due to that the density of the mineral is high, during the SEM sample preparation, the mineral 

cracks. At a pH of 6.8, a preferred mineral thickness of 3-5 μm is obtained after just one round 

remineralization. On the other hand, high pH enables a continuous remineralized layer that 

occludes the tubules, but it is thinner and less dense. Ideally, full occlusion of the tubules is 

desired, along with thick and dense mineral formation with minimal cracking. The next steps of 

this experiment are to do multiple rounds of mineralization, utilizing the effects of the 

experimental conditions that were observed. One example is to first mineralize a tooth sample at 

a high enough pH to allow for occlusion of tubules, then mineralize at a pH such as 6.8 to 

increase the thickness of the mineral. This way, the tubules can be occluded and obtain mineral 

formation of desirable thickness. To fully complete the pH experiments, pH values below the 

https://www.protpi.ch/Calculator/ProteinTool
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normal range should also be tested to observe remineralization under a saliva condition where 

the tooth mineral is subjected to demineralization.  

5.2 Remineralizing Tooth Whitening Lozenge Production and Testing at Optimal pH 

A biomimetic remineralizing lozenge was developed to restore and whiten the tooth through a 

peptide-guided remineralization approach. The lozenge was made to deliver the remineralizing 

agents required in a systematic way for effective remineralization. To ensure this sequential 

delivery, the lozenges were structured in a bilayer architecture. The outer layers contain the 

active sADP5 peptide, and the inner layer contains the calcium and phosphate ions. The 

remainder inactive ingredients were determined by researching the ingredients on the most 

common lozenges, and mints on the market. Sorbitol, magnesium stearate, peppermint flavoring, 

and talc were used for sweeting, lubrication, flavoring, and filling material respectively. A 

hydraulic press was used to fabricate the lozenges at a compression force of 11,000 lbf. Artificial 

saliva was prepared, and the lozenges were dissolved for 15 minutes and tested for 

remineralization with the dentin samples previously prepared. A calcium assay and SEM 

microscopy were carried out to analyze calcium consumption and structural characterization.  

The calcium assays signified the calcium consumption of the mineralization reaction over time. 

Figure 15 above shows a sample experiment that had nine repetitions. The error bars on each 

point represent the population standard deviation among all repeated experiments. As observed 

in the plot, there seems to be a discrepancy in the concentration readings at each time point. 

These are due to limitations in lozenge manufacturing, time sampling, and calcium assay 

preparation. The lozenges are not all identically the same, so the dissolution behavior may also 

be different. Though this may only cause minor error. Most of the error comes from the time 

sampling. Small volumes of the saliva are sampled out, and even smaller volumes are used for 
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calcium assays. To verify that these discrepancies are statistically insignificant, a hypothesis test 

was performed. The results of the hypothesis t-test suggest that the measurement discrepancies 

introduced above are statistically insignificant, because the p-values at each time point is 

significantly larger than a significance level of 0.05. Therefore, we accept the null hypothesis 

that 𝑥̅ = 𝜇 with 95% confidence.  

As shown in the SEM images in Figure 16, After 3 rounds of lozenge application at a pH of 6.8, 

the mineral thickness is estimated to be about 1.5 μm. A continuous mineral layer of plate-like 

hydroxyapatite nanocrystals form on the dentin surface, indicating effective remineralization by 

the lozenge. Multiple repetitions of these experiments showed similar behaviors of dentin 

remineralization. The low yield of mineral thickness after 3 rounds of treatment is due to the 

limitations of the delivery method. The calcium and phosphate sources supplied to the modeled 

oral environment is limited by what is in the lozenge. In addition, each treatment round is limited 

to the lozenge lifetime of 15 minutes during dissolution.   

5.3 Study Comparison and Limitations 

Hydroxyapatite crystal growth has been studied for as long as 50 years. One of the first methods 

of studying the growth kinetics of hydroxyapatite was done by seeding stable supersaturated 

calcium phosphate solutions with crystals at room temperature and at constant physiological pH 

conditions, as studied by G.H Nancollas and M.S Mohan at the State University of New York at 

Buffalo in 1970106. Before then, there was a major difficulty in understanding how the 

stoichiometry of the precipitated hydroxyapatite nanoparticles had always been less than the 

required calcium to phosphate molar ratio of 1.67. This led to the production of other calcium 

phosphate phase derivatives as a result including dicalcium phosphate, tricalcium phosphate, and 

octacalcium phosphate at physiological pH conditions between 6.3 to 7.5107–111. The technique of 
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seeded growth produced highly reproducible results for the formation of hydroxyapatite, 

allowing for further studies to be performed over a range of pH conditions. The results suggested 

an appreciable increase in the crystallization rate of hydroxyapatite with an increased pH going 

from 7.4 to 7.8 in increments of 0.2. It was also mentioned that at pH levels above 7.8, there was 

spontaneous precipitation of calcium phosphate, limiting heterogeneous nucleation and crystal 

growth. Utilizing the sADP5 peptide-guided remineralization approach, just hydroxyapatite 

crystals are formed on the dentin surface by simply introducing the calcium and phosphate 

precursor ions at a 1.67 calcium to phosphate molar ratio at room temperature and a constant 

physiological pH range, without the need for crystal seeding. An increase in the crystallization 

rate was also observed between pH values of 6.7 to 7.0, above which spontaneous precipitation 

of calcium phosphate occurred. The study done by Nancollas and Mohan described above 

suggested that this spontaneous precipitation should have occurred at pH levels above 7.8. Due 

to the peptide’s function as a biological catalyst, it is proposed that the peptide increases the 

crystallization rate even further, lowering the free energy barrier required for the spontaneous 

precipitation of calcium phosphate, and thus occurs at a lower pH level than 7.8.  

As hydroxyapatite synthesis techniques became more advanced, hydrothermal methods using 

elevated temperatures and pressures in an aqueous environment allowed for the synthesis of 

hydroxyapatite with a specific crystal shape112. Researchers have studied the influence of pH on 

the crystallization of hydroxyapatite, synthesized by hydrothermal methods at comparatively low 

temperatures, and have concluded that the pH value is a significant parameter variable in 

manipulating crystal morphology113,114. However, the temperatures ranged between 60⁡℃ and 

140 ℃, which is still not ideal in an oral environment, and would denature biological proteins or 

peptides, depriving them of their functions. Fortunately, the peptide-guided remineralization 
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approach is done at room temperature and does not have the limitations of hydrothermal 

methods.  

Although this work avoided some of the limitations described above, it has some of its own. 

Many steps are required for the synthesis methods for peptide-guided hydroxyapatite 

crystallization, especially in the peptide design and synthesis. To mass produce these peptides 

would be relatively expensive and time consuming. High-throughput automated techniques 

would need to be developed to optimize this approach. Additionally, the teeth samples prepared 

for remineralization can differ slightly in size, but this difference in minimized as much as 

possible for each test group. The in-solution remineralization procedure is completed in a 

modeled environment that is in ideal conditions (room temperature and a constant pH). The oral 

environment is dynamic and saliva pH can vary, going as low as a pH level of 2. The pH range 

selected for the pH experiments were within the normal pH range, so the results do not 

completely describe clinical significance, but pH ranges outside the normal limit will be explored 

in the future. The justification for this was to first explore the effects of minor pH changes on the 

nucleation and growth of hydroxyapatite crystal using a peptide-guided remineralization 

approach, which was not yet studied before.  
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6. Conclusions 

6.1 pH Effects on Nucleation and Growth 

This study successfully shows that there are significant changes in mineralization when subjected 

to pH changes or changes in precursor concentrations regarding its effects specifically on the 

kinetics of hydroxyapatite crystallization and peptide-ion interactions. With this, it was shown 

that the type of nucleation, heterogeneous (desired) or homogeneous (undesired), can be 

controlled with pH. The results of the pH experiments were limited to a specific pH range 

between 6.7 to 7.4, which was chosen to explore the pH effects even under the smallest changes 

at the normal saliva pH range. Heterogeneous nucleation was more prevalent at a pH range 

between 6.7 and 7.0, with the optimal pH observed to be at 6.8. It was explained that this 

phenomenon was due to the effect that pH had on the nucleation kinetics of hydroxyapatite 

crystallization. Furthermore, the sADP5 peptide works best at a specific pH called the optimal 

pH. To verify that this is consistent with the observed optimal pH level of 6.8, an enzyme 

activity titration versus pH will be performed in future experiments. It was also demonstrated 

that the new mineral formation physically integrates to the structure of the dentin surface, 

mimicking the interface of the dentin-enamel junction or dentin-cementum junction. This is 

significant because all the current approaches for dental restorations today fail to achieve this 

structural integrity.  

6.2 Remineralizing Tooth Whitening Lozenge Production and Testing at Optimal pH 

A bilayer lozenge was developed for efficient delivery of the remineralizing components using a 

peptide-guided remineralization approach. From the pH experiments, the optimal pH of 

remineralization was determined to be 6.8. This is comparable to the average human saliva pH of 

6.7. This is expected, as the experiments were only limited to the normal saliva pH range. 
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However, the oral environment is also subjected to sudden changes in pH. This may damage the 

peptide, depleting it of its function. Thus, pH cycling experiments will be performed in the 

future. The lozenge remineralization process was done at a controlled pH of 6.8. It was 

repeatedly shown that each round of lozenge treatment at this pH added new mineral to the 

surface and thickened the mineral layer by layer. The lozenges, and their potential for success 

have inspired many other dental products such as toothpastes, mouthwashes, gels, varnishes, etc. 

The lozenges were not only shown to restore the enamel or dentin, but also provide a whitening 

effect, making this a therapeutic and cosmetic dental product.  
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7. Future Work 

The foundation of this thesis has provided insight to future work that can further support 

developing pH effect hypotheses. Now that the upper pH range of 6.7-7.4 has been explored, it is 

just as important to investigate the lower range between 6.2 and 6.7, as well as under 

demineralizing conditions below a pH level of 5.5. These experiments would justify whether 

future formulations will work under dynamic pH conditions in the oral environment. Final 

conclusions cannot yet be made on the probability of one nucleation type (heterogeneous or 

homogeneous nucleation) over another. To fully understand this, light transmission profiles must 

be completed in the case of homogeneous versus heterogeneous hydroxyapatite formation with 

the aid of a spectrophotometer. To verify the crystal structure obtained from the new 

hydroxyapatite mineral layer, an X-ray diffraction (XRD) analysis will be performed. 

Mechanical durability tests will be done to test the durability if the new mineral layer. Titration 

experiments measuring peptide charge versus pH will need to be replicated based on similar 

methods performed by the Center for Biochemistry and Bioanalytics at the Zurich University of 

Applied Sciences assess the electrochemical behavior of the peptide. This will need to be 

followed by molecular dynamics simulations to justify the conformational behavior of the 

peptide on the surface of dentin. Following the lozenge remineralization tests, the whitening 

effects will be quantified using a high-performance camera specifically set up at a custom photo-

taking station equipped with LED lighting and diffuser, then performing a color analysis by 

analyzing the images using ImageJ and Adobe Lightroom color analysis software. The objectives 

for future work also include third party validated clinical trials and discussing marketing 

strategies for the lozenges with our partners at Proctor and Gamble. Furthermore, the motivation 
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behind this thesis, and the protocols developed can easily be translated to propose many more 

dental products.  
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8. Impact on the Future Development of New Formulations 

The work described has provided insight in the development of new therapeutic and cosmetic 

dental formulations. Methods for the research and development of dental products such as 

mouthwashes, gels, varnishes, or even chewing gum can be performed similarly to what is 

depicted in the guide above for the new toothpaste design. These products would be the first of 

its kind to provide a healthy and additive approach for tooth whitening and restoration. Not only 

will this impact the future of dental products, but it will change every day dental care and the 

oral health care industry.  

The pH experiments have allowed for the control of a new process parameter. As was shown, 

slight changes in the pH change how thick the new mineral layer forms over time. Since every 

consumer that would use a given product would have a different saliva pH, it is crucial that the 

proper usage instructions are translated regarding the frequency and duration of application. The 

goal is to provide a net gain of new mineral to the oral environment until all the demineralized 

enamel is restored back, then to permanently prevent any demineralization in the future. This 

requires collaboration with dental health professionals, so that the correct information is 

provided to their patients. With the results and knowledge acquired from the lozenge tests, 

dentists and their patients will now have a convenient solution to enamel demineralization 

associated dental conditions.  
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